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INTRODUCTION 

Reports on theories, speculations, and research concerning closed 

o r  p a r t h l l y  closed ecological systems, chemical systems, and combinations 

of these bear some ear ly  publication dates. 

however, has been i n  the last  two decades. 

The greatest  emphasis, 

During t h i s  period the magal  ecologies, plant ecologies, and 

several ChemicalGioregenerativesystems were investigated. 

these systems involved coprophagy, d i r ec t ly  o r  ind i rec t ly  and were not 

found t o  be sa t i s fac tory  e i the r  es the t ica l ly  o r  functionally. 

Most of 

The introduction of the e l ec t ro lys i s  of water as a source of 

oxygen during manned space f l i g h t  engendered consideration of the  

disposal o r  prof i tab le  u t i l i za t ion  of the hydrogen produced during 

electrolysis.  

Apart from the explosion hazard properly associated with the  

presence of hydrogen, no vital r o l e  was  found f o r  i t  i n  the proposed 

bioregenerative system. 

be recovered i n  edible form by using it along with other inorganic 

nut r ien ts  and some of the  oxygen produced by e l ec t ro lys i s  for the  

growth of Hydrogenomonas eutropha cells. 

these bac ter ia l  cells as a par t  of t h e i r  d i e t ,  thereby increasing the  

efficiency of t he  system without any of t he  d i f f i c u l t i e s  introduced 

by the use of algae or other p lan ts  o r  animals and without any involve- 

ment with the troublesome liquid and so l id  human wastes. 

As a r e s u l t  it w a s  suggested tha t  the  hydrogen 

The astronauts could then eat 

Among the  problems introduced along w i t h  the use of e lec t ro lys i s  

with hydrogen oxidizing organisms are: 
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1. 

2. 

3. 

The efficiency of the test organism i n  using hydrogen under 

various conditions of growth. 

The influence of metabolic products of bacter ia l  gtowth on 

contiriued growth. 

The comparative value of E. eutropha and other hydrogen 

u t i l i z ing  organisms especially thermophiles, which might be 

employe(?. 

It has been the  a i m  of t h i s  project  t o  provide useful information 

about the  foregoing problems which might lead to  the  formulation of an 

ef f ic ien t ,  partiallybibregenerative system fo r  use by astronputs on 

long space f l igh ts .  
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I. Extracellular Products of Hydrogenom-t~ eutropha 

The test organisms were routinely grown on Repaske's medium 

at  3OoC with a gas mixture of the composition 70% €I2, 20% O2 and 102 

CO2, which was  later changed t o  67% B2, 22% 02, and 11% 0 2  t o  take 

advantage of the small increase i n  growth afforded by t h i s  change. 

Electrolytic and ion-exchange techniques provided proof t h a t  

approximately 10% of the  extracellular products of growth are neut ra l  

i n  character vh i l e  30% are ac id ic  and 60% are amphoteiic. 

Extracellular products ident i f ied  mainly by paper chromatography 

were ribose, glutamic acid, alanine and tyrosine. Sulsequent3.y 

arabinose, xylose and glucose were discovered. 

These findings suggest t h a t  amino acids generally, and specifically 

alanine glutamic acid o r  tyrosine are not lltkely t o  appear as impor- 

t an t  growth inhibitors.  

Arabinose, ribose, xylose atld glucose were found t o  have no 

important influence on the  growth of E. eutropha while fructose w a s  

metabolized under otherwise autotrophic conditions. 

Although the  foregoing statement and the appended publicatione 

indicate a considerable gain $E ?.nEomntion about t h e  nature of 5. 
eutropha metabolic products and t h e i r  relationship t o  the growth of 

the organism, no large e f f ec t s  have been noted which might rnarkedly 

influence the use of the  test organisms i n  a.regenerative 

Spent medium was concentrated using a f l a sh  evaporator and 

d i s t i l l e d  at one pH in te rva ls  from 4 through 9. 

and the residues were rtsed tn Warburg Respirometer rests on both growing 

and res t ing  cells. 

Both the  d i s t i l l a t e s  
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While some eEfects were associated with the extremes of pH i n  thz 

d i s t i l l a t e s ,  the resul t ing influence on gas consumption was suf f ic ien t ly  

small t o  inv i te  its neglect i n  future  planning. 

Growth of E. eutrooha. f o r  150 hours i n  massive amounts of spent 

medium,centrifuge-concentrated cells,and new medium inoculated with 

new cells was  measured using a Coulter counter and by spectrophotometry. 

Use of the  slopes of the resul t ing growth curves for comparhon 

indicated tha t  the presence of 60X spent me-ium produced a slope of 

.28. 

and new inoculum exhibited a slope of 1.1under similar conditions. 

I n  massive doses of old cells tbe slope was 1.0 while new medium 

These experiments indicate  tha t  spent medium inh ib i t s  growth 

proportional t o  its concentration. 

the main e f fec t  is one of dilut ion of nutrients.  

It is reasonable t o  subsume tha t  

The presence of l a rge  amounts of old cells made no appreciable 

difference i n  the growth rate s ince t h e i r  presence apparently dic,. no 5 

d i lu t e  the supply of nutr ients  very much. 



11. Ttudies on wrogenomonas thermophilus 

The continued u s e  of s o i l  enrichment techniques produced a hydrogen 

u t i l i z ing  organism which grows w e l l  a t  50OC and has been characterized 

as E. e r m o p h i l u s ,  

ever t o  be isolated.  

the f i r s t  thermophilic hydrogen-utilizing bacterium 

Dif f icu l t ies  encountered i n  tho culture of t h i s  organfsm lad t o  

the discovery tha t  half-strength Repaske's medium and a gas mixture 

of 80% H2, 10% 02, and 10% C02 i n  conjunction with freshly prepared 

medium containing reduced i ron  allowed generous growth of t h i s  organism. 

Colonization was only affected when specially prepared Repaske' s 

medium w a s  subjected t o  incubation (drying) a t  65OC f o r  several  days 

p r io r  t o  inoculation. 

and s ize ,  s l i gh t ly  ra ised and f a in t ly  brown. 

The colonies were opaque, i r regular  in shape 

Curves re la t ing  the pH response of E. thermphilus at 55'C 

indicated a sharp maximum, i n  terms of opt ica l  density, at pH = 7.0 

with growth f a l l i ng  off ratley sharply within one pH uni t  i n  e i the r  

direction. 

Oxidation-reduction s tudies  have shown marked response of the  

oxidation potent ia l  t o  the presence of cells. 

t o  the medium caused a s h i f t  i n  potent ia l  many times tha t  shown by 

the gas mixture and for Fe*. 

assays of the influence of individual medium components~reresmall and 

may be negl igible .  

The addition of c e l l s  

Apart >'Torn these three changes, 

Since the E& value employed i n  these investigations i s  of 

primary importance i n  determining the value of C l n  El= 0 ,  spec ia l  

cffor ta  are being continued t o  arrive at a s t a t i s t i c a l l y  V a l  

of t h i s  parameter of the Nernst equation, 
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The organism has been accepted by the  ATCC as Culture no. 23388 

Mul t ip l e  temperature growth tests analyzed by means of Coulter 

counts o r  op t ica l  density show tha t  organisms grown a t  5% in te rva ls  

from 30°C eo 55°C yfeld clear maxima between 42 and 48°C. 

fur ther  indicate  tha t  the tine-location of the  growth maxima var ies  from 

one tsnpemture t o  another, suggesting a very plausible dependence of 

time-to-maximum-growth on temperature of growth. 

These tests 

Attempts  t o  evaluate the e f f ec t s  of oxidation state of the  

organism on its growth rate and ult imate u t i l i za t ion  in a biaregenerative 

are being continued without support. 
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111. Future Research 

Research has indicated tha t  neither the  a lga l  ecologies nor 

t h e  electrolytic-hydrogenommas systems are acceptable f o r  use i n  

thetr present state. 

The most encouragigg aspectsof t h i s  work, which it is expected 

will yield resu l t s  applicable t o  bioregenerative systems of the 

future,  are those associated with the  discovery of the react ion 

mechanism character is t ics  of both of the  subject organisms. 

It is the hope of some scientists i n  th i s  f i e l d  that careful 

basic research w i l l  provide the basis  f o r  the closed-ecologv shrinking 

nethod which w a s  the original purpose of t h i s  effort. 
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I V .  Project  Spin Off 

This project will have produced six Ph.D.'s and seven M.S. graduates 

during the period of its duration. 

m o c i a t e d  research carried on without outside support included 

(1) investigation in to  the prodiiction of a l g a l  heteropolysaccharides 

fo r  ultimate use a s  human food, (2) studies  on the pathway of carbon 

dioxide a s smi l a t ion  by 3. methanomonas aF-d (3) studies  on the oxidat&orr 

reduction potent ia ls  of E. tE\ermophilus. 



V. Cody, R.M., and R.G. Tischer, 
From Human Wastes Substrates. 

Microbial Synthesis of Animal Feeds 
Developments in Industrial Micro- 

biology. 3:f3-62. 1962. 



’ Micrcbiclogists have bem pondering the idea of inczeasing the wor!d’s fcod 
reserve &rough inicmbiz~ synthesis for several decdrles. &e serious threat: t3 
the stipply of food was experienced durisg World War: 2.. psi.-ticularly in the case 
of Germany. Geman scientisk began to exploit the use€ul;zess of yeast as fmb 
and fodder (Relisser et al., 1958) at a time W B ~ R  &e s~pply  was becoming ex- 
k&UStt?d. 

Even today, with &.e tremenbus expansion of worldqpopu!ation and tbe de- 
crease in arable l a - ~ I ~  incrsasing demands or1 the food resexvz again th ra tea  
8epletk.m of stockpiles, Cmsequently, the interests of microbiologists are being 
raewed in anicroblal synthesis as an abundant source of food, 

The need for producing food by microbial synthesis becomes even more es- 
sential kcause of the kecent: advances in rocketry and space tech&’ 

man, and (2) far ehe disposal of his waste, 
SeverLi organisms have been investigated as a possible source of fodwhen 

gxown on agricddrd waste, Roberts (1953) demonstrated the nutritive value of 
Escherichia coii far chicks. F Y G ~  this investigation, ;he cGnclusion was drr-w-n that 
this protein can serve as an adquate feed supplement, 

” Yeasts have been found to coz~zala a xellatively large quantity of high-quality 
protein (caner, 1944), hprhenEs  employing yeast as the sole source of pro- 
tein for swine revealed that these animats could be i*c:ttiicd to magnitudes sim- 
ilar to those observed with nurmal diets, Other observatibns, by Axelson (cited 
by Canter, 1944), indicated that yeast may sapply 50% of the protzirs requirement 
of pultry. Attempts to use fungal ocotein as eirher the sole source of nutrients 
or as a feed supplement havenot*zqstwith the same success as have experiments 
with- bzcterial and yeast protei&: Experiments" (Skinner, 193-4) have shown that 
Penieil!iuni flauoglaucum swpolcted better growth in young rats when fed at 18% of 
zhe regular diet than at $, However, best growth results were obtained when the 

T h i s  work was dace Sn cwperadon with tb National Asronaudcs and Spec AQnlPli.madon, Washingto& 
D. c 

microbial synthesis may serve (1) as the primary saurce of food for. Yr -2 qmce 

. 

rl 
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Sucrose 
Maltose 
Lacotose 
Glucose 

e Fructose 
Galactose 

strates, and to a control consisting only of distilled water. Thesd trials were 
run in duplicate. 

The reducing-sugar concentration, as measured by the iodonretric pxocedure, 
was calculated according to Shaffer and Hartman (1921). 

Results of single-phase paper chromatographic determinations far fecal 
sugars showed that sucrose, maltose, lactose, glucose, fructose, galactose, and 
xylose were detectable in €eces solutions when added at: a level of 150 mg/mh 
of substrate. The 1Rf d u e s  obtained for this concentration oE sugar in two dif- 
ferent substrates are shown in Table 1. 

. -  
0.26 0.15 
0.19 
0.19 0.16 
0.17 0.16 
0.32 0.29 t 

0.26 

0.16 I _ .  

0.26 4 . 
* .  

Table 1. Paper Chromatographic Determination of Fecal 
§ugars 

Xylose i 0.33 

> .  k 

R f  value 

In water in 570 feces solution 
Carbohydrate 

0.33 

I 

I I 
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validity of these experimental results, it is.our feeling that this recovery from 
feces represented accepmble efficiency. In the aqueous control, approximately 
906 of the glucose was resolved. The assui,iptions made concerning the effect of 
colored and protein constituents on the results of the titration were found to be 
invalid since, in most instances, a higher percentage of glucose was resolved in 
*e nonprecipitated fecal sample than in the precipitated one, 

It was also observed that as the concentration of glucose was increased to a 
bigher level, there also occurred a corresponding decrease in the percentage of 
sugar resolved by titration. 

In all tests, tbe greatest percentage of glucose resolved was in the aqueous 
glucose control solutions. This occurrence was eo be expected since distilled 
water contains RO interfering substances. 

These observed data indicated that the sensitivity ofthe Shaffer and Harman 
me&& was satisfactory. 

&ll@lQse Centon* of feces 

Gradwohl (1956) lists, in addition to the soluble and gaseous compoads, raw 
vegexahles, fruit skins, nuts, berries, mucus, tissue rcmcants, epithelial cells, 
muscle fibers, connective tissues, hts, starch granules, anda variety of bacteria 
in &e feces of normal healthy individuals. Thus, it would seem reasonable to 
expect that cellulose and other high-molecular-weight polymeric carbokydrates 
are present in human feces. Assuming that certain molds are capable of utilizing 
cellulose as a carbon source, a study was designed to m a s u r e  the cellulase 
content of feces. & 

The purpose of quantitatively measuring the cellulose content of feces was to 
ascermin rh;nt amount present which might be made available to molds for growth 
in &e €0- o€ monosaccharides. In the analysis, fresh samples of feces were 
taken randomly. Test samples were run in duplicate wioh a filter-paper control 
according to the method of Crampton and Maynard (1938). The control consisted 
of 1 g of macerated filter paper. 

Enzymatic Hydrolysis of Cellulose 
Tbe amount of monosaccharide made available by enzymatic hydrolysis of 

fecal cellulose €or mierobial synthesis by molds was determined using a modi- 
fication of Ramsey's (1859) procedure. Crude cellulase enzyme Delta Chemical 
Works) wits prepared in a 1% concentration in 0,05 M potassium acetate buffer. 
The enzyme preparation was sterilized by filtration. Fecal substrate was pre- 
pared by adding 100 g of fresh human feces to 100 ml of 0.05 M potassium 
srceth? buffer and heat- sterilizing. 

The enzyme preparation was added at a level of 16.25 ml per 100 g wet 
weight of fwb "his levelcorrespondedto 0.1 g/ml of enzyme to each calculated 
gram of fecal cellulose. ' Ibis ratio was based on a mean value of 6.5 g cellulcrset 
per 100 g wet feces containing 25% total solids (Table 3), 

The following controls were employed: (1) carboxymethyl cellulose, 1 gin 160 
ml of potassium acetate buffer; (2)' purified macerated filter paper, 1 g of filter 
paper in 100 ml potassium acetate buffer paper; (3) 100 rnl of 0.85 hd acetate 
mer; (4) 100 2 feces in 100 rnl of potassium acetate buffer. 

Controls 1, 2, and 3 were treated with 10 ml of enzyme preparation. The 
enzyme preparation, was not included in the feces control. 

Since all of the substrates were stsrile and thus presented no difficulty due 
to contaminating bacteria, all enzyme mixtures were allowed to react for 48 hr, 
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Following the hydrolysis period, cellulase activity was measured in terms of 
the amount of reducing sugars produced, as measured by the method of Shaffcr 
and Hartman (1921). In addition, cellulase activity and cellulose content of feces, 
were measured indirectly in terms of the amount of glucose produ%?d. 

The cellulose content on the dry-weight basis of human feces, as determined 
in this study, ranged from 4% to 9%. The mean value for the twc trials was 6.6% 
(Table 3). Duplicate samples agreed quite closely in both trials, 'ne variation 
between the trials was attributable to a difference in the cellulose content of - 
W e r e n t  fecal samples employed in the analysis. 

Table 3. Cellulose Content of Feces from Two Analyses 

I 1 I 

Trial 1 
1 
2 
3 

I 
8.2229 
9.2431 
10.7 621 

Trial 2 
1 
2 
3 

8.1748 
8.8185 
9.3631 

8.1095 

8.1086 
8.7459 

0.0874 
0.0916 
1.6202 

0.6530 
0.7270 
1.2545 

4.37 

99.90 
4.58 - 

i 

: e ,  8.52 c r t  

8.90 
98.60 

I .  

*No. 1 md 2 duplkate 2 g dried feces With no added cellulose (test samples). No. 3 contained only 1 6- 
macerated filter paper (control). - 1  

Using the mean value of 6.5$celluloseandassurning that 25% ob feces consis$'. 
of solids, the actual cellulose content of the sample was 1.62 g per 100 g we 
weight of feces. 
me mean value for the cellulose content of :he lilter paper control w i s  

99.25%. 
Cellulase activity was demonstrated with all three of the cellulose substratesq 

as evidenced by the production of reducing sugars (Table 4). 
9 

Table 4. Reducing Sugar from Enzymatic Hydrolysis of the Cellulose Substrates 
Measured Zrsdometrically 

4 '  

- t --. 7 

.e- Substrate 
mg reducing sugar I ~ " 

(glucose) per 50 rnl .t -, 
of substrate i. . , 

4 

k 
+ &.' .......................... Feces (with added enzyme preparation) 121.75 P i  

Feces (wiahout added enzyme preparcion) ........................ 
Filter paper ............................................ 44.71 
Aceaate buffer (control) .................................... 0.00 

0.00 
CefluIose gum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  65.92 

* 

f 

'Ihe reducing sugars producedfrom 50 goffeces amounted to 121.76 mg, TM$ 
value corresponds to a hydrolysis conversion efficiency of 14%. When this value . 
is compared with only 9.0% with the filter paper control, it becomes obvious that 



feces contain sut>stances which have can enhmchgeffecton the cellulose enzyme. 
lb? xesules of enzymatic lty~drolyeis a€ the cellulose component of feces 

clearly Watd that hydrolysis was a means by which simple carbohydrates 
CSLR be made readily available for microbial synthesis. 

 BY^ though Holden et al. (3950) obtained ody  50% hydrolysis of cellulose, it 
is hope: b t  fuxther research will provide methods for increasing this value. 
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3, HC1 residue was made up to a total volume of 20 ml with glass-distilled 
water, Ten milliliters of this mineral solution was added to a basal medium 
consisting of 2 g of glucose and 0.2 g of urea. The urea was sterilized by filtra- 
tion and added aseptically to the autoclaved glucose medium. All  test substrates 
were prepared in duplicate. The test sample containing carbohydrate, ether 
solubies, protein and mineral substrates, and controls were inoculated with a 
spore suspension, oiie set with A. niger and the sther with R, delen,ar, All culttires 
were incubated on a rotary-type shaker operated at 98 cycles/min for 5 days, 

The ability of each of these fecal fractions to support t;he growth of A. niger 
and R. delemar was measured in terms of the dry weight of mycelia produced. 

The results show that the ether-soluble fecal component designated as €at 
suppnrted excellent growth of the fungi when compared with corresponding con- 
trols. Although no chemical of: physical tests were made for the presence of fat, 
the posssibility existed that one or more ether- soluble compounds, other than &e, 
were responsibk for supporting mold growth. 

It was ohtamed that the protein and mineral fractions supported less fungal 
growth than the carbohydrate and ether- soluble components, Since excellent 
fungal growth can be obtained from a 'medium composed of 5% feces in a basal 
solution containing 20 g of glucose pes liter, two possible explanations suggest 
themselves. First, that by removing the protein from the feces, a growth factor 
was separated from the protein during the process; and second, it n a y  be that: 
forms of nitrogeain feces other than protein nitrogen serve as the nitrogen re- 
quirement to support the growth of mold on a complete feces-cayhhydrate 

Observation suggested that some constituent normally present in feces was 
absent in the medium supplied with fecal ash. It can be noted from Table 4 that 
corresponding controls were also incapable of supporting fungal growth, T ~ I  s QC- 
currence may be attributable to the breakdown of urea or the inability of the n~olds 
to utilize it: as a source of nitrogen, 

From these data, the most significant factor deduced was that the &st growth 
and metabolism of fungi can be obtained onnormal feces supplemented with c w -  
bohydrate. 

The data in Table 5 show tbst thefecal component described as carbohydrate 
supporuted g ~ w r k  and rnetabo1im-i to a sonewirat greater magnitude than did the 
ethe~-soluble fat component or the protein and mineral components of feces, It 
was most impflail t  to note that the fecal carbohydrate supported growth as well 
or  better than the control canttbiningglucose. This seemed to indicate that growth 
factors, gos5ibly vitamins and other water- soluble components, necessary for 
mold metabolism were being added along with the carbohydrate component. 
However, it did appear that the fecal carbohydrate component was being utilized 
as b e  sole source of carbon, basedonthe fact that this substrate provided better 
growth than &e glucose in the control, indicating the presence of other carlboxi 
sources, Tlhus, the indication was that other carbon sources utilized by the molds 
were added with carbohydrate preparations. 

me$iuan. b 

Fecsl Protein BB a h v r c s  of Nitrogen br Fungal Growth 
A study was designed t~ compare the! nutritive value of Xead-acetate pre- 

cipitated fecal protein with the values of ammonium nitrate and amino acid 
nitrogen as the sole sources of nitrogen for the growth of A. niger and R. delemar. 
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Table 5. Value of Fecal Components for Growhand Metabolism of TWQ Molds 

\ -. . m- 

I . Mycelial dry weight 
Fecal components 

1 assayed 

Carbohydrate 

Fat 

Protein , 

Mineral (ash) 

1.690 
1.698 

0.529 
0.955 

0.019 
0.023 

0.037 . 
0.636 

1.028 
0.9'74 

0.027 
0.012 

0.076 
0.050 

0.000 
0,000 

R. delemar, g 

1.191 
1.118 

0.805 
0.427 

0.007 
0.027 

o.l.00 
0.195 

* . .  
Control, g , 

1 0.644 
0.759 

0.042 
0.064 I .  

. .  

The fecal-protein nitrogen described earlier was added to 200 ml of hail 
medium at three levels, 2, 5; and 10 g (wet weight), consti 
soltftioils, respectively ,, The mineral medium employed was pr 
to Czapek's formula.. 

Two sets of controls were used, animonium nitrate as the  in^ 
and an amino acid mixture as the organic source. In thecase 
nitrate, I, and 56 levels were prepared, From the amino acid mixture c 
tainihg 0,455 rng'per ml of each amino acid, 1, 5, and 10 ml were added to ba 
medium and $terilized, The three levels of each substratewc 
duplicate. The inoculations were made with Iml of .z spore stlsgensPoxk crorktafd 
30 spores per nl of A. niger and 5'0 spores per rnl of R.  delemar, F 
cubated on a rotary-type shaker operated at 88 cycle,/min and at a 
of approximately 24-26C for a period of 5 days. Following this, 
removed by f i la  ~ i n g  om:o weighed filter paper and dried in a 55 C oven -0vem-k 
Mter drying, sampler%, of mold were reweighed. The ability ob fecal pro 
serve as the sola ~oume ~f nitrogen as conpard  with an aminb acid rnWx 
ahmoaium airrate- was measkred in terms of the dm weight of mycelium p 

. 

show that fecal nitrogen was superior to 
mixture but I W - I ~ W  tior to  ammonium nitrate as the sole 8ourae 8 
trogen for the growth of the test maids. It was also noted that 
fecal nitrogen a.nd ammonium nitrate, highef levels of the nitrogen source ' 
ported better growth of' the mold in each case. The results show 
rfation among duplicates. 

These results, it would seem, mayform a basis for explain 
of mold growth in fecal substrates adequate in carbohydrates. 
trogen apparently kcarnes depleted and, since feces have b e n  
in nitrates (Air Force Repart Ncad?, 1962), growth termina 
may be plausible considering the high growth yield wfth n i x  
of nj+rogen, Fecal-protein nitrogen and inorganic nitrugen ~r 
limits of concentration; thus, maximurn grswth was not obsex'vi?d in thest? 
because concentration was the limiting faccw, 

These trials definitely: show that fecal nitrogen supported the. grow 
A, niger and R.  delemar ; however, better growth yield may be obtained by suwl$d 

- ,  . t, 
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Table 6. A Comparison of Fecal Ndtrogen with Ammonium Nitrate and Amino 
Acid Mixture as the Sole Source of Nitrogen for Mold Growth 

Type of nitrogen 
supplied 

Fecal - prorein nit rag en 

Amino acid m i x  

--- 
Organism 

Aspergfltus 

Rhizopus 

Aepergillais 

RhiZWWS 

Aepergillus 

Rhizoprrs 

Mold growth, dry weight of mycelk, g 

0.051 
0.020 

0.004 
0.003 

0.636 
0.350 

0.773 
0.801 

0.008 
0.007 

. 0.008 
0.007 

0 049 
0.042 

0,040 
0.055 

1.317 
0.994 

1.244 
1.307 

0.048 
3.049 

0.039 
0.046 

Level 3 

0.171 
0.122 

0.131 
0.124 

1.482 
-... ..I 

1.359 
1.361 

. 0.062 
0.071 

0.077 ' 

0.109 

meriting the fecal protein nitrogen with ammonium nitrate nitrogen. Furthqrmore, 
it appeared that amino acids were not able to support mold growth. lEJ[g~~t%e~lL', 
this occurrence may not agree entirely with results reportsd irt the Zitmature . 

(Cochrane, 1953). At best, there is little agreemeizr among other .workers 
CQnCe2.ning the utilization of amino acids as sole sou:ce:' of nitrogen by molds. 

human 'waste may be mxle available, through enzym,'tic hydxdys:~. to mddcl ais 
SOUPC~S of carbohydrates. It has been further established that  ne of the critical, 
fael&g l€miting the growth of selected fungi on fecal substrate was concerned 
with the availability and supply of suitable carbohydrates. 

m d d i t i o n  to a deficiency of canbohydrate in feces, data sbowec! thzt fecal- 
protein nitrogen was not as good a source of nitrogen for fungal growth 2nd 
'metabdism as ammonium nitrate nitrogen. It appeared that this occurrence may 
explain the termination of mold grow? even in the presence of an adequate 
carbohydrate source. This suggested that improved yields o€ msld growth migbt 
be obtained by supplementing feces with ammonium nitrate nitrogen, 

Although surprising, these results appeared to indicate that the mineral, COM- 
ponent of fices was unable to satisfy the mineral requirement of certain fungi 
when grown in what w m  believed otherwise to be an adequate medium. 

The data indicated that feces per se supported better growth of molds than did 
carbohydrate, fat, protein, and mineral fractions used separately. 

The research progress reported substantiates thc opinion that feces are able 
to meet the several nutritional requirements of the molds employed in microbial 
synthesis, and demonstrates the practical potentiality for microbial synthesis 

. 

The results of theBe experiments have shown that the cellulose content of . 

' 

. 
' 

employing selected molds. 
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Quantitative Measurexnent of Urinary Nitrogen 
and Total Solids Depletion in a Closed Ecological 
System During Microbial ISyntherJisl 

:I sericss of t y ~ r i i i i t ~ t s  \vert’ ru11 to iiivvstigate tlic dcyhtioii :ind tiietal)olic fate of 
uriiiary nih-ogcxn a i i d  total solids constituvuts of iirinr diiring niicrohial synthpsis. 

Tchts tvvrcb de.sigiitd to ascertuin the riitrogeii contribution afforcltd by thv diffcr- 
cbiit iIidividual nitrogen canstitursnts of urine cluring tlir fernicntiition proctw. Qwui- 
ti ta tive ~ I ~ : ~ S I I T P X I I  en t s for the allaii toin, arnino-ac+l, cre;t tin he ,  hi ppu ric-:wid , I1rCiI. 
and iirie-acid :oritcwts of uri.~re were xnade pcriodicnlly tluoughout thc coursr of tlicx 
feimentatioii. h v i x g  t~stddishvd the utilization of minary nitrogtw coristitueuts b y  
thither inold or yra\t spc*cics. tlicir mc~taholic fatr w a s  dcterrniiirrl hy radioisotope- 
tmccr ma1y.L 

Tlie eEcieiic5- of coin rrting uriiiiuy nitrogen into microb:al nitrogen was iiienwrd 
in ierriis of rcdueticm in total nitrogen and other he tofore  nientioned nitrogen con- 
>titueiits, wonoiiiic coefficient and conversion coefficient. 

Data will he prcseritcd to show that urea contributes the niaior soiirce of nitrogen 
dnririg fermentation of urine 1 9 -  selected rndds and yeasts. Thc total solids of urine 
can be reduced by half in tiit. fermentation process. 

This study has indicatd that hnman urine provides a11 excellent substrate for 
microbial synthesis of celldar materials. A process of “double and triple” semicyclic 
fmncwtrition may mduw thr constituents of urine to the extent that it becomes 
\ t n l d i z c d  to tlw point wit;ihle for drinking pnrposc\. 

i SU<:(:ESSFL’I. c*loseci ecological s>-stem n.ill be able to pro\-ide man with a source of 
food, water. iiiid ox!.geii i u i d  at the siiine time eliminate the problems of uxste disposal. 

Since Iiiimnn urhe  is kriotsn to he rich in several physiologicnlly active end-products 
of metabolism. and because of t h e  problem of its disposal ill outer space, aerobic fer- 
mentation tests were made to iisct ltain the feasibility of emp!oying urine as a growth 
substrate for selected microorganisms. ‘These tests were designed to provide a measure 
of the stabilization of wine as related to the reduction of tota: nitrogen and total solids. 

The present paper discusses the depletion and utilization of iirinm? nitrogen and 
solicis by selected inolds and yeasts in an aerobic feimentntiori process. 

Preliminary tests revealed that urine contains very little, if an>7, caxbohydrate mate- 
rial. In order to obtain maximum growth of molds  an^ yeasts, it wits necessary to add 
a usable source of carbohydrate. 

The areobjc fermentation process was conducted in either a large pyrex-glass column 
(9 liter capacity) measuring 8.6 x 120 CM or 2 liter Fernbach flasks. The columns 

This work was done in cooperation with thc National Aeronautics i\nd Space Addnistxa- 
tion, Washfngton, D. C. 
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were figed with 'fwo air jets which provided aeration and liberal agitation, Flask 
cyltures \$ere incubated on n rotary s h a k , ~  which had 64 cycles per minute. All cul- 
tures were incubated at room temperature (25" -t. 3°C). 

The substrate consisted of fresh, coniposited urine of human origin employed at its 
normal strength. The urine was either pasteurized by boiling 10 minutes or given no 
lieat treatment prior to use. 

The pH of the urine medium was adjusted, respectively, to 4.0 and 6.5 without arid 
with pasteurization. 

Cultures of Aspergillus 17igcr aiicl Rhixopus delemar were prepared in the foim of 
a spore or pregeriniiiated spore suspension in phosphate buffer solution. 

Eighteen-hour cultures of washed Torula utilis cells were prepwed for feinientation 
trials employing yeast. 

Both the mold and yeast inocula were used at the 10% level of the entire culture 
medium. 

Anal!-ses made on unfermentad and fermente2 urine in the course of investigation 
were: 1) glucose; 2) total nitrogen ancl solids; 3 )  conversion and utilization of amino 
acids, creatinine, urea, and uric acid; and 4) the production of carbon dioxide. The 
growth of mold and yeast species 011 urine was evaluated in teriiis of dry weight. 

Metl!ods used separately or in combination to evaluate the foregoing components 
made use of titration, colorimetric, or cluomatographic techniques. 

The potassium pel-manganate titration procedure ( A.O.A.C., 1950) was used to deter- 

Total nitrogen was measured by the KjeIdahf method &scribed by Hawk, Oser, and 
Summersoii (1954). Total soli 3s were determined by the nietliocl of Cody, hloore, and 

('1962). The amino acid content of urine was determined by paper chroma- 

n. 

. mine glucose. 
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togmphy ( Mk& Dun-trin and Zweig, 1958), Creatinine le\-& were meastired by 
'S colorirr&-ic: procedcrt: (H;r\\.k et al., 1954). The colorimetric p r o c e d u ~  de- 
d by Bfr.4ic.t and Franks was used to measure uric acid (Hawk et al., 1954). 

The utiIizatz,n of totrd urinary nitrogenous constituents was deteiniined by measur- 
ing the reducZhn in tota1 Iiitrogen at various intervals during feinenviition. 

Fernbach &:ks coritaitiing 1 liter of fresh coniposite urine .i~rere inoculated with a 
1 mI heavy yme susperirian nf Rlzizopzrs d~tcmar. 

Column c&-m vessels -.'.-ere employed to investigate urinary nitrogen reduction by 
yeast cells TcmAu utilis). The uri:ie niedium was inoculated with 200 ml of a waskecl 
18-hour cultrre of Torrrlcr rrtilir. hfter 30 minutes, a sample of ciilture was drawn for 
nitrogen detex.;nation. TC,is $ample represented the iriitr 11 01- O-hotu- nitrogen reading. 
Incubation vxs cantinned ir,r 48 hours wit11 liberal seation at which time a second 
(&%hour readiris 1 saniplc :*.as taken. This set of samples was desigr, as Series A, 
Following tbir: 1 liter of t.!..s cultw'e was &awn off, apd 4 liters of fresh urine were 
added to the c h m n .  l\')im this culture had mixed sufficiently, another sample was 
taken for nibogm cleteimiriation. Since new medium had been supplied to the coIurm;l, 
it was necessary to estn1di.h ;I new initial nitrogen level. The incubation wa 
timed for 48 Ei92lTS before aritlther sample was taken (Series 33). A third set of s 
was taken from t t e  column v;hich contained 4 liters of fresh composite urine added to  
2 liters of the culture remaining from B (Series C ) .  r ~ h e  treatments given C were 
similar to  those for A and B. 

Table 3. shws that total rduc t  

was &&zed betwm the 
greatest amount of 

22.03 and 7+4@$6 





The mdircing sugar- concentration was cliniinished b>- 26,40';/0 (8.26 g ;1). For the 
86 hours of incubation, the to td  mold mycelia produced weiz 6.15 g/l. 

In terms of percent redirctioti. the values of 83.49, -20.47, 41.76, and 25.00 for urea 
nitrogen, total nitrogen, reducing sugar, and total solids, respectively, were believed €0 

constitute a reasonably efficient reductiou in urinaqr constituents espeeinlly nitrogen. 
e results suggested that Rh. clc-lernczr was capable of efficiently metabolizing and 

Urea control tests stiot.; that urease enzyme hydrolysis \vas cxpnble of heaswing the 
urea content of wine with 95,620/, efficiency. Thus, the utility of the enzyme proce- 
c1tu.e W ~ S  demonstrated for the deteimiiiation of uriiiaq~ ureil. 

Quantitative tests were made to determine the depletion and utilimtion of the chief 
nitmgaious compouncts preset.it in normal a1 urine. The method of andysis were 
those cited hereill. The tests were condu with both cdtnres of 
mci' Tn~rrln rrt i l is. The riecessnry cIeterm tlS wew 1nnde tit 24- 
incwhntion ~wriocf of 72 Izoiirs. 

rting twinary constituents to microbid substances. 

5 shnw ttant-  lie fdlowkg percwt redrtctiaris ouctirccd during 
ulhires of A. tiigu and T.  m%lisV respectively: weat5nine - 22.47, .) c dl.45, 45. I I; iicr wici  - 55.35, 49.25: tc~ttd nitrogen - 10.49, 17. 
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Incuba- Crea-. 

tion thine 

i 

I 

Glucose: I- & wea 

i 
g/l 

53.10 7.44 
53.10 7.44 
53.10"f' -7.44 
53.10- . 7.44 
47.40 6.71 
47.90 6.68 
o.oot 5.39 

A '  

Urea Anixnonfa 
nitrogen ,. nitrogen 

- 
g/l ~ g/x 

7.20 0.24 
7.20 0 .'E4 

&/I 

0.66 
0.66 
0.66 
0.66 
0 .?O 
0.28 
0.37 
0.37 
0.27 
0.29 
0.30 
0.31 
0.29 
0.30 
0 -34 
0.33 

- 
Total ' . 

nitrogen 

e;/l 

7.23 
7.23 
7.23 
7.23 
7.00 
7.30 
6.65 
6.80 
6-44 
6.72 
5.83. 
6.96 
6 30. 
'6 .ciO 
5.813 . 
6.18 

15.63 
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Preliminary Studies on the Extracellular 
Products of Hydrogenomonas eutropha 
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This paper describes the detection and identification of extracellular products formed 
during the autotrophic growth of Hydrogenomonas eutropha on Repaske’s medium. 
Using carbon-14 tracer studies to determine the quantity of cxtracellular products 
formed, it was found that about 2% of the total activity appeared in the supernatant 
liqdd during the log phase of growth. As the stationary phase of growth was 
reached, the activity increased to about 5% of the total. Paper chromatography in 
conjunction with radioautography was used for separation and identification of the 
products. Ribose, glutamic acid, alanine, and tyrosine are among the extracellular 
products which have been identified. 

One of the most promising methods of supplying oxygen in a closed ecological system 
is the production of oxygen by the electrolysis of water. For this system to be appli- 
cable for long periods of time, the hydrogen produced during the electrolyris must be 
recycled by conversion into some reuseable form. At present, one of the most feasible 
methods of converting hydrogen into a non-explosive reusable form employs the use 
of organisms of the genus Hydrogenomonas (T,echtman, Goldner, and Canfield, 1984). 

Hydrogenomonas eutrophu is currently being studied by a number of workers to 
determine the feasibility of using this organism in continuous culture for the conversion 
of hydrogen to water and cellular material. This organism is capable of growing either 
autotrophically using hydrogen as the source of energy or heterotrophically with organic 
material as the energy source. If this organism secretes large quantities of extracellular 
organic compounds into the medium during autotrophic growth, and if this medium is 
recycled through the continuous culture system after removal of the cells and addition 
of inorganic nutrients, the organism may preferentially grow heterotrophically rather 
than autotrophically, thus affecting the rate of hydrogen utilization. Therefore, the 
purpose of this investigation was to determine the quantity of extracellular products 
formed by H ydrogenomonas eutropha, and, to identify some of the compounds formed. 

The culture employed in this investigation was kindly supplied by Ur. L. Bongers of 
the Space Science Division of the Martin Marietta Company. 

Carbon-14 tracer studies were performed to study the secretion of extracellular 
products during the growth of H .  eutropha, These studies employed Repaske’s medium 
(Repaske, 1962) (with the deletion of NaHC03) buffered at pH 7.0 and a gas mixture 
composed of 70% H2, 20% 02, ard 10% C02. Carbon-14 labeled C 0 2  was incorpo- 
rated as part of the 10% COP. 

One hundred milliliters of the medium were inoculated with 1 ml of a heavy suspen- 
sion of aiitotrophically grown if. eutropha cells and placed in a sterile 250 ml culture 
flask. The flask was stoppered with a sterile rubber stopper assembly containing a 
cotton-filled glass bulb to filter the incoming gases. Following evacuation, the flask 
was attached to the gassing apparatus and filled with the C-14 labeled H2.:O2-CO2 gas 
mixture. The culture was incubated at 30 C and mixed with a magnetic stirrer. Samples 
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were removed periodically through the serum stoppered sampling port at the base of 
the flask with a. sterile syringe for the cleterminntioii of radioactivity and optical density. 

The optical density was measured in a 1 to 5 dilution 01 the sample with distilled 
water on a Beckman DU spectrophotometer at 655 mp. 

The total radioactivity in the cells and medium w~5: determined by placing an aliquot 
of the sample in R planchet, acidifying with HCl to remove dissolved C1402, drying, 
and then counting. For determining the radioactivity in the extracehlar portion, the 
sample was first filtered through an ultra-fine sintered glass filter to remove cells '.,id 
an aliquot assayed by the above procedure. All counts were made on a gas flow 
counter and corrected for background. 

The radioactivity of extracellular products in the cell free medium amounted to 
about 2% of the labeled carbon accumulated during the log phase of growth (Fig. 1). 

I 
Tota' 
Rad iooct ivity 

(X 103) 

Extracellular /* Radiy;i&y 

' .,-I_._ 
, 

10 20 30 40 50 60 
TIME - HOURS 

FIG. 1,  Production of extracellular material during the growth of M. 
eutropha. 



CONTRIBUTED PAPERS 235 

AS growth entered the st&ionary phase as indicated by the optical density, the radio- 
activity of the extracellular products increased to about 5$Ll of the total. However, the 
increase in radioactivity in the cell free medium subsequently levsled off. 

In a continuous culture, the culture is normilly held in the late log stage of growth 
where there are a xnaxiinwn number of cell!: which are multiplying at the fastest rate. 
At this point in a continuous culture of N. eutmphu, abolit 2% of the total calDon 
would be present as extracellular material. Therefore, in the following studies to de- 
termine the nature of the extracellular product& produced by H .  etitropha, growth was 
always terminated in the late log stage, and the cells imined:stely removed from the 
medium by centrifugation and filtration. 

For isotopic studies the cultures were grown in 50 ml batches using the afore- 
mentioned apparatus and procednre. Most of the cells were removed by centrifugation 
at 4000 RPM €or 30 minutes and then the remainirg cells were removed by passing the 
medium through a Seitz fiker. 

In non-isotopic studies, the cultures were grown in liter .mounts in Fernbach flasks 
011 a reciprocal shaker at 30 C. Repaske’s medium was always employed along with a 
gas mistuie of 70% H,, 20% 02, and 10% CO,. Most of the cells were removed from 
the medium with a Sharples centrifuge and then the medium was filtered through a 
Seitz filter. Tkzz medium was concentrated in Z)QCUO on a rotary evaporator to about 
$0 of the original volume. 

The cell free medium on which H. eutropha had grown was very light yellow in 
color. Upon concefitration, the medicin became a deep yellow color. The color could 
not be extracted from the medium with any of a wide range of organic  solvent^, both 
polar and nonpolar. However, the color was removed during desalting with a membrane 
type ebctrdytiz desalter which employed a cation (Permaplet C-20) and an anion 
(Permapiet A-20) exchange resh membrane. The anion exchange membrane became 
discolored with the yellow materhl, thus indicating that the ion(s) or molecule(s) 
responsible for the color was negatively charged. However, the colored material was 
also retained on both Dowex 2 and Dowex 50W ion exchange columns and could be 
eluted from either with HCl. 

Qualitative tests for cabohydrates, amino acids, and proteins were made on the 
medium both before and after concentration. All tests were negative on the medium 
before concentr.etion. On the concentrated medium, the anthrone test i9r carbohldrates 
(Morris, 1948) was positive; Somogyi’s test €or free sugar (Nelson, 1944) was positive, 
and the niuhydiu test for amino acids (Feigl, 1960) using a citrate buffer to eliminate 
interference from the arnmoniimt salts was positive. The Biuret test for protein (Meld, 
1944) was iiegathw. 

After desalting ;he concentrated cell free medium in the electrolytic desalter, the 
tests for carbohydrates and free sugars were positive, but the intensity of the color 
reactions was diminished considerably. The test for amino acids was negative. 

Since these tests indicated a loss in extracellular material during desalting, studies 
were made to cleterraine the extent of this loss. One and one-half milliliters of C14 
labeled extracellular products cordaining 15470 C/M/ml were placed in the desalting 
chamber and desalted using a maximum voltage of 10 volts. After the airrent dropped 
to a minimum, the sample was removed and assayed for radioactivity. By desalting, 
the activity was decreased to 1200 C/M/ml. This was a loss of 92.2% of the radio- 
activity from the sample. There was no apparent loss in volume of the sample. Thus 
approxirnntely 8% of the material was not charged and was mt removed by the 
electrolytic desalting. 
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Ion exchange resins were used to determine the ionic nature of the materials in the 
extracelluiar products. Coluiiins of ion exchunge resins were prepared using Dowex 2 
aniofi exchange resin in the hydroxyl form and Dowex 50W cation exchange resin in 
the hydrogen form. The mixed resin employed an equal mixtme of Dowex 2 and 
Dowex 50W. The total capacity of each column was at least twice the value of the 
milliequivalents of salt in solution The samples were loaded an the columns and 
washed with 5 column volumes of distilled water. The effluent from the columns was 
then assayed for radioactiviby (Table 1). Since the Dowex 2 column absorbed 90.0% 

TABLE 1. A bsorpiion qf C"4-labelecl exlracellzclar producls with ion exchange resins 

Sample 
Radioactivity not 
Absorbed by Resin 

Radioactivity 
Absorbed by Resin 

Original. .................... 
Dowex SOW. . . . . . . . . . . . . . . . .  
Dowex 2 .  . . . . . . . . . . . . . . . . . . .  
Mixed Resin.. . . . . . . . . . . . . . . .  I 

1405 
608 
150 
130 

Per Cent 

. . . .  
58.8 
90.0 
91.3 

of the total radioactivity and the Dowex 50W column absorbed 58.8% of the total 
radioactivity, it was speculated that much of the extracellular material was amphoteric 
in nature and would be taken up by either column. When the sample was passed 
through the mixed resin, 91.3% of the radioactivity was removed. This left 8.7% of 
the material which was neither anionic or cationic in nature. This figure agreed very 
well with the value obtained with the electrolytic desalter. 

The first group of compounds studied by chromatography was the free sugars. 
Since these compounds are nonionic, they were easily desalted with the electrol~tic 
desalter. 

On one dimensional chromatograms of the extracellular material, separated with 
n-butano1:acetic acid:water (4: 1 :5-vol) and sprayed with the silver nitrate reagent 
(Trevelyan et al., 1950) several spots developed, one of which was more intense than 
the others. By spraying a duplicate chromatogram with analine oxalate reagent 
(Horrocks, 1949) , the intense spot was identified as an aldopentose by the color re- 
action. None of the other spots developed with this reagent, indicating that the other 
spots were eitbct. artifacts or that the sugars were not in sufficient quantities to be 
detected by the less sensitive analine oxalate reagent. Using two dimensional chroma- 
tography, the aldopentose was tentatively identified as ribose. 

Labeled ox+i&acellular material, desalted with the electrolytic desalter, was chromato- 
graphed in two dimensions using n-propanol:NH@H:water (6:3: 1-voI) in the first 
phase and n-butano1:formic acid:water (6:1:2-vol) in the second phase. X-ray films 
were then exposed to the chromatograms for S days. 

After developing, seven spots were evident on the film (Fig. 2). One of the spots 
was identified as ribose by comparicg Rf values with those obtained on the control 
chromatogram. Since the chromatographed fraction contained only the uncharged 
material, some of the other spots appearing on the film were also suspected of beilng 
sugars. 
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FIG. 2. Radioautogram of the nonionic fraction of the extracellular material formed by 
H. etitropha. 

Ion excharge resins were used to desalt the extracellular material for the study of 
the amino acids (Roberts, 1963) by chromatography. The amino acids were separoted 
with pheno1:water ( 100:39-w:w) and n-butanol: acetic acid:water (2: 1: 1-vol) and 
detected by spraying with 0.2% ninhydrin in n-butanol followed by heating for 10 
minutes at 7.4 C. 

Of the eight spots which developed on the chromatograms, three were tentatively 
identified as glutamic acid, alanine, and tyrosine by comparison with control chromato- 
gram. 

In summary, it has been found that about 3% of the C-14 labeled carbon taken in 
by Hydrogenomonus etitropha during the log phase of growth appears extracellularly 
in the culture medium. Approximately 90% of this extracellular material is ionic in 
nature m d  is absorbed by ion exchange resins, while the remaining material is ap- 
parently non-ionic. Chemical tests indicated that amino acids and carbohydrates were 
present in the extracellular material. Ribose, glutamic acid, alanine, and tyrosine have 
been tentatively identified as being components of the extracellular material. 
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The oxidative metabolism of .citrate and lactate has been investigated in P.seudomoms 
aerugimsu and Serratia inuicu. Respiromei ry and radiorespirometry studies have 
revealed that these organisms do not oxidize citrate readily. Tests indicated that 
lactate is oxidized appreciably, and provides the cell with a source of energy and 
carbon fragments for cellular synthesis. The inability of these organisms to oxidize 
citrate has been demonstrated to be related to permeability barriers. 

Growth experiments demonstrated that excellent growth of the organisms can be 
obtained on a substrate containing cf!!ler citrate or lactate as the sole carbon and 
energy source. 

Studies in this laboratory have shown that l iman  urine txmtains relatively low concen- 
trations of oxidizable carbohydrate material and thus is not suitable as a growth sub- 
strate for many bacterial, mold, and yeast species. On the other hand, urine is known 
to contain appreciable quantities of citric and lactic acids. 1'E.e ockurrence of these' acids 
in urine led to an investigation designed to determine their ability to replace carbo- 
hydmte as the sole carbon and energy source for Pseudomonas aeruginosa and Serratia 
indica. 

The feasibility of citrate and lactate to replace carbohydrate as the sole carbon and 
energy source was evaluated by conducting respiration and growth experiments. 

The ability uf the test organisms to initiate growth on citrate, lactate, and various 
intermediates of the Krebs tricarboxylic acid cycle was determined by measuring the 
increase in cell density of cultures. 

A washed stock culture suspension of P. aeruginosa and S .  indica was inoculated into 
200 ml of a basal medium described in Difco Manual (1953) and designated as Bacto- 
Yeast Nitrogen Base (for carbon Assimilation Tests). The carbon source was added to 
the basal medium in the form of a filter-sterilized solution to give a final concentration 
of 1%. 

The cultures were incubated at 28 C with shaking. Immediately after inoculation, a 
5 ml sample was taken for the zero-hour turbidity reading. The sampling procedure 
was continued at 24-hour intervals through 72 hours of incubation. The growth response 
was measured in terms of turbidity on a Coleman Jr. photometer at a wavelength. of 
430 m p  

by UL xeit, Burris, and Stader,  (1957). Resting cell suspensions were prepared from 
24-hour cultures grown on Difco basal medium containing the desired carbon source. 

Remiration studies were made by the conventional manometric techniques described . 

* This investigation was supported in part by The National Aeronautics and Space Adminis- 
tration, Washington, D. C. 
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In order to maintain uniformity in respiration the cell density of the cell suspension used 
in the Warburg cups was adjusted to give 10% light transmittance in the photometer 
at a wavelength of 430 mp. 

Radiorespirometric experiments were similar to the conventional manometric proce- 
dures described except that C14-labeled substrates were used to replace the unlabeled 
types. 

Samples of respiratory C1402, cells and cell-supernatants were collected for radio- 
activity measurements on completion of incubation. The usual counting techniques were 
used to evaluate the distribution of radioactivity. For this purpose, an end-window 
Geiger tube connected with a count-rate recorder was used. All counts were corrected 
for background and recorded as CPM (counts per minute). 

TABLE 1. Growth of Pseudomonas and Serratia on Citrate and lactate 

Organism-Turbidity (430 inp) I 
Incubation 

(Hours) 

0 
24 
48 
72 

The results of growth tests are presented in Table 1. The data show that Pseudo- 
monas aeruginosa and Serratia indica were able to initiate significant growth on a 
medium containing either citrate or lactate as the sole carbon and energy source. Maxi- 
mum growth of these cultures was obtained during the first 48 hours of incubation. 
S .  indica grew well on all the TCA cycle intermediates when employed as the sole car- 
bon source. 

Respiration studies revealecl that resting cell suspensions of P. aeruginosa and S .  indica 
.were not able to oxidize citrate appreciably. The data in Table 2 show that lactate 
oxidation was significantly greater in S. indica than P. aeruginosa. Furthermore, a sub- 
strate consisting of both citrate and lactate did not cause P. aeruginosa to consume 
larger quantities of 02. However, when a resting cell suspension of a combination of 
both test organisms was employed, the O2 uptake on citrate was considerabIy greater 
than that for either organism alone (Table 3). This occurrence was not observed with 
the lactate substrate. These results indicate that there existed an interrelationship of 
P.  aeruginosa and S. indicu relative to citrate oxidation. 

The results of tests designed to trace the distribution of C14-labeled lactate in grow- 
ing cultures of P .  ueruginosu showod that the distribution pattern was as follows: C1402 - 46.6%, cells - 2.4%, residual in medium - 8.0%, and washings - 8,OgO. Approxi- 
mately 35.6% of the total activity could not be accounted for in these experiments. 
The results oi duplicate cultures gave a similar distribution pattern to those reported. 
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P. aeruginosa 

TABLE 2. Oxidation of citrate and lactate by resting cells of P. aeruginosa and S. indica 

S. indica 

- -- 
Organism-Total 0 2  uptaket 

I 

Substrate 
P. aeruginosa - 

Substrate* 

S. indica P. aeruginosa + S. indica 
-- 

I I -- 

Citrate. .................................... 
Lactate. .................................... 
Citrate + Lactate. .......................... 

d 

53 
108 
115 

I d 

40 
392 
385 

i I 
* Concentration of carbon sources, 10 aM. t The 0 2  uptake was corrected for endogenous respiratioo and represents the total p1/2 hours. 

These results show that a larger portion of the lactate metabolized by P. aeruginosa 
was used for energy and to a much lesser extent, cellular synthesis. Rased upon these 
results, it was concluded that P. aeruginosa metabolizes lactate primarily as a source of 
energy. 

Data thus far have revealed that S. indica is more active oxidatively on lactate than 
P .  aeruginosa. For this reason, a more detailed study of lactate oxidation by t h i s  organ- 
ism was made in an effort to demonstrate the pathway of lactate metabolism. 

The data in Table 4 show that the ,~cl of O2 consumed by resting cells of S. indica 
on acetate and citrate were not significant. With all other substrates tested, however, 
appreciable O2 uptake was evident. The largest amount of 0, uptake was observed on 
lactate and succinate. 

These results suggest that the test organism possessed enzymes of the Krebs tri- 
carboxylic acid cycle. The fact that cells grew on citrate while resting cells were 
unable to oxidize it suggests that a cell permeability barrier was involved in relation to 
citrate oxidation. 

Further tests using frozen cell preparations demonstrated that citrate was oxidized 
during respiration. This occiirrence substantiated the contention that permeabiliv 
barriers prevent the oxidation of citrate by whole cell preparations of S. indica. 

Citrate. . . . . . . . . . . . .  
Lactate. . . . . . . . . . . . .  
Citrate + Lactate.. . 

4 3. 
137 
145 

32 
446 
415 

104 
311 
41 6 

I I -- ' I  
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TABLSC 4. Oxidation of t&arboxylic acid cvcle intermediates by lactate-growr: cells 

315 

Substrate 

Acetate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Citrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Fumarate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Lactate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Malate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Pyruvate ........................................................ 
Succinate.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

* All values corrected for endogenous respiration. 

Total 02 uptake" 

p1/2 hours 

22 
14 
66 

219 
74 
90 

198 

Tests designed to demonstrate citrate oxidation by cell-free extracts were unsuccessful. 
The inability of the cell-free extracts to oxidize citrate was attributed to the destruction 
of the specific enzyme during its preparation, or the absence of co-factors. 

Dehydrogenase activity of whole-cell preparations was deiaonstrated on lactate, suc- 
cinate, and malate. The activity on succinate and malate indicates that the enzymes 
necessary for the conversions of succinate to fumarate and of malate to oxaloacetate 
were present. Demonstration of these reactions is supporting evidence that the cells 
possessed a TCA cycle for terminal respiration. 

Studies on inhibition of dehydrogenase activity of lactate-grown cells on lactate and 
pyruvate revealed that lactic acid dehydrogenase activity was inhibited by arsenite. 
This occurrence indicates that lactate is oxidized via pyruvate and excluded the pos- 
sibility of a reaction via acetate. 

The results of these tests provide adequate evidence that lactate is oxidized initially 
to pyruvate and subsequently via the TCA cycle. 

Radioactivity measurements employing lactate labeled l-C14 and 2-C14 suggest that 
the carboxyl (l-Cl4) radical of lactate is oxidized to C1402 whereas the 'active' acetate 
(2-cl4) fragment is distributed in the cells. These data indicated that in S. indica an 
approximately equivalent use is made of lactate for energy and cellular synthesis. 

Since the TCA cycle is known to provide many organisms with a source of carbon 
fragments for cellular synthesis, it appears that lactate is metabolized via the TCA cycle. 

The present investigation has presented data on the growth and oxidative metabolism 
of P .  uerugznosu and S .  indica. The results indicate th& lactate, and indirectly citrate, 
is oxidized via the TCA cycle. 

Also data are presented showing that the inability of resting cells to oxidize citrate can 
be attributed to cell permeability barriers. 

The results of this investigation form a basis for evaluating the potential use of 
P .  aeruginosu and S .  indica in systems in which the sole carbon and energy sowce 
consists of either citrate or lactate. 
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Abstract 
Extracellular polysaccharides were isolated from the blue-green alga Antb- 

baeita $os-apscne strain A-37. The polysaccharides are composed of glucu'ronic 
acid, glucose, xylose, and ribose in a molar ratio of 1 : 88: 39: 3. The extracellular 
polysaccharides comprise about 40% of the total carbohydrate produced by 
Ais alga, 

Carbon utilization experiments revealed that only D-fructose could be sub- 
stituted for carbon dioxide as a precursor of ?olyssccharides : lid cellular material. 

The extrmxllulw polysaccharides are derived frcm water-scluble intracellular 
polysaccharides of the same coinpositio.1. 

Fructose accumulates in stationary phase cells grown in CGI and the presence 
of the enzymes fructose diphosphate phosphatase a d  {ructose diphosphate 
aldolase was demonstrated. Tracer studies showed L . C  presence G' phosphcpl- 
ated compounds common to the  photosynthetic carbon reduction cyck Lad 
the glycolytic pathway, 

Introduction 
f extracellular polysaccharides produced by freshwater zlgae 
rned with the isolation of the polymers and identification of 

their constituents as shown by .a number of workers (4, 11, 12, 14). 
The uptake of P4 label from h aHCI4O3, acetatr-l-CI3, acetate-2-Cl4, and 

formate-Cl4 into the intracellular polysacclzaridc of Nostoc m ~ ~ o r u r n  was 
followed by Biswas (5). No previous communication could be found which 
described the kinetics of carbon dioxide fixation into extracellular polysaccha- 
rides or the intermediary pathway describing the synthesis of extracellular 
polysaccharides by the freshwater algae. 

os-aquae A-37 produces 
abundant polysaccharide material. The produ n of the extracellular 
polysaccharides by this alga follows cell growth (15), which, is in contrast to 
the liberation of extracellular cartohydratea by soine marine algae (7) and 
is similar to production pattern8 €or Palmellu mucosa (2s) and Chlarnycim~ 
onus parvula (12), The composition of the extracellular, capsular, and 
ixltracel2uIar. polysaccharides was showxi be glucuronic acid, glucose, xylose, 
aiid ribose (1 5) , 

ratory, Oak Irtidge, Tennessee. 

In a previous report (15) we showed that A 

%event adtires : RiQlogy Division 
_. 

7 . . .  
. .  



In this papet., we arc ,repol*ti&ig primtrily on thc nutritiori relatic3 to poly- 
? saccharide production. 

Cdibve 
'The blue-grt'eri algci, Rmbaerm ,~os-aqtrue strait1 A-37, was isolated in pule 

unialgai culture in t h i e  laboratcq~. Ljactcr;d contaminants were separated 
frcrii t ~ i e  dgai culture by n micropipette nranipulation - etiricliriient tcc1miq:ic 
('I'jscher (26)) .  

The absence ~:taminating bacteria in bot5 the stock culture and cultures 
used throughc 4.- --r>iecPwas - che+ed by plat Zng a 1-mI inocuiwn of algal 
cult:,isc in 1 f3 ~ r i  of*nut.rient broth. These inoculated tubes were incubated 
under conditions identical with tliosc for groiviiig the dgae fer 48 hours. If ,  
at the end of this incubation period, the nutrient broth tuber; remained clear 
and contained EO growth, the culture was termed "bacteria free? 

The removal of bacterial strains associated with the original culture did 
not hinder the propagatiun of the algd cdture. This alga is different from 
most bftie-green algae in that the cptiirtiin temperature for growth is 40 O C ,  

Growih Mediwnz aizd Cultttral! Conditions 
The alga was grown ir, niodiieled Knop's mi:nerd rnedimn (19) at a pH oE 

7.0. Cultures were containeci ia  Pyres columns (1.5 liter capacity) and 200-nil 
prescriptEon botdes. Other culture conditions hsve been previously described 
(IS, 25). Inocu~it were always taken froin mineral salts agar slants. 

Curbon'Sozcrce 3ttudie.s 
Carbon sources were added to the baszl medium at a concentration to  

give 2 rng of carbon per milliliter of medium. The solutions were steri!ized by 
Seitz filtration. Sodiur:i salts of lactate, acetate, pyruvate, and refated acids 
were used in all ex :mer&. Experimental cultures were incubated for 5 
d a p  to evaluate the carbon sorrrces. 

In experiments ifivolving the metAmlism of Cl4-labeIed ni&abolitec, these 
cornpzunds were added at a concentration of 1 microcurie per milliliter of the 
basaI ir,edi-Im 01 iW/G phosphate buffer, Vnlatbeled compounds were added 
at ;t iwel of 1 rng/snl. 

Tracer experiments which invoived C1*--labeIed carbon L nide  were con- 
ducted in a+gas-recyr,ling appar;: t u s  designed with appropriate absorbers, 
generator tubes, and air pttmps, 

.&!adit ,'sofo;es and Che:nicds 
All rdioisotopes and chemicals were the best comniercial products avail- 

able. €3aC1"3 was converted to Y a 2 f W J  by liberatiotr of Ci40z with per- 
chloric acid folitmed by the adsorption of the (:I4& in 1 N KaOH. Radioactivity 
measurements were made with a gas flow G-31 detector. 

Materhls and Mathods 

Polysa .charide Deteumi?zatiotz, X~olation, and Hydrolysis 
Extracelldx p d  ysaccharides in cdture filtrates were determined by the 

anthrone met114 of SneZl and S d l  (34). Glucose was used as the reference. 
*This aiga was idedfied by i>r, G. W. Johnston, Head of the B~tariy Department at 

Mississippi Scatc UGversit): ising the book Fresh-kVater Algae of the United States by 
GI M Sm;th. ~ . l cGrx~-Hi l i  dtok Company, New York. 1950. 



MOQHB AXD fXSC(CEIISR; ItXTKAG'EU.,ULAR POCYYACCWARKIES !P 
&tracelldar 'polysadharide; in CUI ture filtrate8 were isolatbd €rotif gr~wth 

n&ia ancl yhospinte buccfer solutions by concentration of thc cell-free medium 
or buffer to 1/10 vo5wmc under reduced preiistirc. 'She polysaccharides were 
them precipitated with 2 voluines of absdute ethyl alcohol, A fraction det3- 
igmkd capsular palysxcharidc tvm extracted as described by Lewin (12). 
Water-soluble intmmiiuilar polysaccharides were extracted by subjecting cell 
m y m x & m s  to sonic vilraticns in a Raytheon 10 kc sonic oscillator for IO 
minutes, centrif!tping, and precipital iirg soluble pmtein, pigments, ancl nucleic 
a d s  with cd2 3ichlbroacetic acid. The intracellular poIysaccharides 
viere thefi precipitated with 2 voltiincq of absolute ethyl alcohol. The ethanolic 
mprriatant was concmtrated to 0.1-5.01 rnl under reduced pressure to obtain 
frw carbohydrates, 1k;)eated ethanolic precipitation and dialysis in ceHulose ' 

tubing for 24 hours under tap water was used to purify polysaccharide samples 
for chromatographic a d y s c s .  The stringy polysaccharide precipitates were 
cslkcted in ah.mdurn mcibles €or weight determinations. 

All polysaccharide 2x4 cell residue samples were hydrdyzed with 1 N 
H&X14 (1 rnl acid per 5 r1g sample) in sealed glass ampoules for 6 ho,. TS a t  
IW *C. Hydrolysates were neutralized with BaCOs. j 

Chmutagraphic P;Yoaiures 
Papr chromatographic separation of monosaccharides and phosphoryl- 

ated intermedistes irix-dved the use of the follawing solvent systems : phenol- 
w t e r  (100-39, w/ki z-butanol - propionic acid - water (4-1-5, v/v/v) 
a d  n-butmof - aceii: acid - water (2-1-1, v/v/v). Monosaccharides and 
dmivatives \-ere deteced on the chromatograms using aniline oxalate (10) 
orcinol (6) ,  and amxmium molybdate (1). The elution of monosaccharides 
frcx chromatograms 3::~s performed by the method of Hzwthorne (9). 

The molar ratio of :5e extracellular anti intracehlar polysaccharide con- 
stiments was deterixked by elution of the polymer spots from chromato- 
grams and colorimetr! : estimation using the modified Somogyi reagent (17). 

E ~ y n z e  Asm ys 
F ~ ~ ~ ~ ~ ~ h ~ ~ r ~ ~ ~ o ~ i ~ ~ ~ ~  was determined by the productiun of triose from 

€met wiS.phasphate LA adenosine triphosphate (22). Fructose diphosphate 

frLcx9se diphosphate ~ 0 ) .  Triose form atior, frcm fructose diphosphate was 
the indicator for ale : I ise (22). Phosphohexoisomerase was determined by 
the formation of iru : : :se-6-p'nosphate from glucose-6-phospl.latese-6-phosphate (23). Ana- 
baeca Jtos-cq;rae cdk -;:ere grown in 200-mI prescription. bottles containing 
ti.e basal medium wi:i qqxopriate (.arbon sources. The c d s  w r e  harvested 
aiter 3 days and .~s-as::+1: t d h  phosphate buffer. One half of each set of cells 
\vas used for tile ~shc I<  :ell assay procedure. The other half of the cell suspen- 
sion was subjected w sonic vibratiom in a Raytheon 10 kc oscillate: for 2 
rnin~tes,  Khoie cells z:;d sonic extracts were added to  the incubation mix- 
turzs at  the same ws-entration of p o i k n  per milliliter, 

ti p '- ,c;s~i;a"tsc v a s  I E C  z x e d  by the liberation of inorganic phosphate from 
.? 

-PJ#LPOS)%thetic Isterm?d--iales 
Intermediary csmp3unds formed during photosynthesis in CIQa were 

separated by the mettkd of Benscm and Calvin (3). 



Protein I 

Soluble cell protein in wnic extract8 was estimated using: the method of 
t k  

I 
Lowry et al. (13). 

I Results 
Polysacchride Comkosi!im I 

Paper chromatographic analysis of the polysaccharide hydrolysates showed ! 
the constituents to be giucuronic acid, glucose, xylose, and ribose (IS). Tests - 
performed by the method described by Lowry et at. (13) for amino compounds ' 
atid keto sugars were nqative. Analjises of spot eluates showed the molar 
ratis of glucuronic acid : gtccose; xylose ribose to be 1 : 38 ; 39 : 3. The capsular : 
and intracellular polysaccharides were subjected to the same chromato- 
graphic separation. The carbohydrate coinpasition was exactly the same. 

1 

Carbohydrate Distribulim 
The distribution of mkhydrates was determined with a Sday, 1 S-liter 

colcmn culture of the alga to ascertain the relationship cd tlxq ex:?-acellular 
polysaccharides to the ogL%er carbohydrates of the cells (Table 1). Extra- 
cellular polysaccharides m k e  up 39.7% of the total reduchg sugars or 27.8% 
of the total organic cetl c a t e r  produced. Cell residue carbohydrates are the 
only iraction higher t hm the extracefldar polysaccharides. 

TABLE I 
Distribution of carboh3-kates in different cell fractions ( M a y  incubation period) 

. ,  

Free Free reducing 

Ti':* - ht reducing sugars, total organic 
Free reducing sugars, %of , 

(mg) sugarst (mg) of total matter 

Extracellular free reducing S ~ Z ~ E S  - 0.5 0.03 0.02 
Extracellular polysaccharides 650 .O 560.2 39.7 27 8 
CapsuIar pqfysaccharides 12.3 10 -8 0.8 0.5 
In trace1 f u Iar polysaccharides 239.1 224.8 15.9 11 .o 
Cellular free reducing sugm - 13.1 0.9 0.6 
Cell residue 722.7 603 .O 42.7 30.9 

29.9 TCA iiisoluble precipitate 700. iz - 
Totals 2324.2 1412.2 I00 100 

d 

Fraction* 

L 

* C e h  extracted: 22G4.W mg. 
$Free redwing sugars measured AS Bucose with the Somogyi reagent. 

Carbon Dioxide Trucer 3 d i e s  
The korporztion of C 4 0 2  into polysaccharides (extracellular and intra- 

cellutarj , free inuacelluk monosaccharides, in; "erial insoluble in cold tri- 
chloroacetic a d ,  and nic-extractable cell material were followed by exposing ' 
cells in 31/15 phosphare :ilffer to Ci402 for intervals of 2.5 to 720 minutes,  
(Table I I). IneraceIlular  xi extracellular polysaccharides are labeled with-in 
2.5 minutes. The increas  of Cl4 into extracellular. polysaccharides are de- 
pendent on the CI4 incaprated inia the iiztracellular polysaccharides, 

Five sugar spots from *~e ethanolic cell extract were detected on paper f '  
chromatograms sprayed vith a~iline oxalate and orcinol. These included an 1 
unidentified spot having B kw X, value, ghtcase, sucrose, fructose, and xylose. ! 

The Cr4 of, the above su..pxs for the period of 2.577 minutes exposure i-s 
! -  * 



MOORE A B ~ D  T X S C H ~ R :  EXTRACELLULAR FOLYSACC: IRIDES 881 

TABLE I1 
The time course of C14402 fixation into various culture fractions, Results are expressed 

in lo4 c.p.m. P O 2  added per exposure was 8.36 X io6 c.p.m./260 rng cells 
- 

Fractions (in c.p.m. X lo-*) 
I__ - 

Time, TC-1 
mi11 ECE El? 1 1' (insol.) .. CR Total "0 fixed 

2.5  3.1 0.2 0.4 1 . 2  0.3 5.2 0.6 
5 .O 4.7 0 . 3  0.4 1 .O 0.2 6.6 0.8 
7.5 6.6 0 . 3  1.4 2.3 0.3 10.9 1.3 

10.0 11.1 0 .3 2.7 2.6 1 .o 17.6 2 . 1  
20.0 7 .9  0 . 3  2.3 3.0 0.9 14.5 1.7 
30.0 25.6 0.9 6.5 10.9 1.4 45.3 5.4, 
40.0 33.3 1.1 8.9 11.5 3.4 G1.2 7 .3  
50.0 111.5 3 5  24.1 31.5 5.2 17s . 9  21.0 
60.0 86.9 4.3  13.4 69.1 5.5 185.8 22.2 

6.9 33.3 $9 .0 7 . 3  221.7 26.4 
27.5 264.0 31.6 

120 * 0 115.2 
360.0 9 2 . 2  10.; 32 .3  c2 .3  
720.0 154.9 21 .s 67.6 6y.1 24.4 332.5 39.7 

NOTE: ECE = cthanolic ceit estrxt; EP = extracellular po:~  saccharides; IP = intraceilular polysaccharides 
(water-soluble); CR = ceii re&iues; TC.4 = trichloroacetic add. 

TABLE IIr 
Changes in CWOI fixation with time in the  ethanol-soIuble monosaccharides 

of Anabaena $os- :rjicae* 
--- - 

Free rnonosacch; ride C14 - a - 
Unknown Sucrose Glucose Fructose Xylose Time, - 

min c.p.m. 5 c.p.m. % c.p.m. % c p m .  c.p.m. %J ---- 
2.5 290 23.0 126 50.0 293 23.2 382 30.3 1'70 13.5 

7.5 489 23.1 177 8.4 703 33.3 504 23.8 240 11.4 

*Results are based on SO-pl allquots from 2 rnl of extract from 260 mg: cells. 

5.0 471 28.3 129 7.7 429 25.7 -411 24.1 227 13.6 

given in Table 111. Fructose is soon heavily labeled and the unknown spot 
and g1 ticose becoine more heavily labeled with time. 

Carbon So zirce Ex per z'mcnts 

dioxide in the synthesis of extracellular polysaccharides aiid~cellular materia1 
was D-fructose. None of the common carbohydrate!$ phosphorylated deriva- 
tives, or tricarboxylic acids c d c i  replace carbon dioxide. 

Tlic incorporation of C*4 from various Inbeled organic compounds in the 
presewe of S% carbon dioxide is given in Tzble IV, Fructose arid s'sicro3e 
wcre utilized very eflicicntly .for the syntliesis of extraccIIuSar prysaccharidis, 
but sucrose -vas not incorporated into cell material to the degree of fructose, 
Approxi tnatcly one-lid f as much glucosc-C1* was incorpor@d into ex 

1 ceIl u h r  pdysnechkles.  Acetate titilizatim wag cquivalcnt to frtictose in 

1 1 saccharides isolated fmni the cell4rgc growth snedium. 'l'.'lic high incorporation 
i ;of citrate-C?~ into extraccllulsr polysacclrarrides is unexplained at this ti tne. 
E 

Of l d  carhon sotirces tested the only onc which would substitute €or carbon . 

I tot'd! CeD C1", but Oafy One-fifth Of thZLt O f  ffUCtO(;ae hi I%@ C X W 3 C d I U k t r  poly- 
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Compounds associated with the Kreb's cycle were used priinarily for cellular 
syntheses rather than fbr the formation of any large aniount of extracellular 
poly sacch arides. 

'TABLE IV 
Fixation of \? froin labeled organic compounds by dicubaena 

jlos-nqmze in the presence of So/;, C&* 
I_ - 

Extracellular 'r, . . t, 
r 

Total ce1l-Cl4, polysacchride-CId, 
C1* soiirce % of c.p.m. added % of c.p.m. added 

Acetate- 1- C14 

Sucrose-Cl4 ( ~ 1 )  

Fructose- C14 (ptl) 
Lactate-1- C'* 
Pyruvate- 1-C14 
Fumarate-1-CI4 
Succinate- 1-C14 
Citrate-1,s-C14 

Acetate-2-C'Q 

G1~cose-C" ( ~ 1 )  

44.5 
40.8 
11.9 
7.0 

40.1 
8 .9  

26.3 
0.5  
0.7 
0.2  

2.2 
1.6 

11.8 
6.0  

11.1 
0.5 
2 .9  
0 .6  
0.1 
6 .5  

*Rercults expressed as percentage of c.p.m. added. Total cell-C14 was deter- 
mined by couitting the Cl* in an aliquot of washed cells. Extracellular polysac- 
charide-CI* lira3 determined on the polysaccharides isolated from the cell-free 
growth media. 

14 0' CE: ALCOHOLIC CELL EXTRACY 
IP: INTRACELLULAR CE: F- C 00 

POLYSACCHARIDE # 
0- 

t 
0° 

0 04' 
# 

0 
t 
t 
t 
t 

I 
I 

I 

14 IP:F-G 
SILL"*- 

. .#' 
# 
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Cells of A .  $os-aquae were allowed to metabolize unlabeled fructose, su- 
crose, or glucose and their respective C1*-labeled couclterparts in the absence 
or carbon dioxide to  determine the relationship of fructose to polysaccharide 
synthesis. The data in Fig. 1 show that fructose ~ ' 2 3  readily incorporated 
into intracellular polysaccharides and ethano1-solukk compounds, Sucrose 
utilization was less rapid than that of fructose, prescrr.ablv by incorporation 
of the. fructose moiety from sucrose. Glucose utiIizk,c.ion for polysaccharide 
synthesis was very slow by comparison. All of the consttr'utive monosaccharides 
of the intracellular polysaccharides were labeled in 2 2  minutes I\-ith fructose- 

Although the transformation of glucose to POI:. saccharide material is 
adaptive and slow, labeling of the constitutive monosscc,harides was attempted 
with gIucose-l-C14 and glucose-6-C14 to determine t=le origin of the pentose 
skeleton for ribose and xylose. Studies with glucose-1-P showed that glucose 
was split at the number one carbon position to vidd ClQ and unlabeled 
pentoses. With glucose-6-C14, little P O 2  was produce but the pentoses were 
radioactive. Metabolism studies with strawberry p1x.w and wheat seedlings 
shelved that carbm six of hesose was cleaved to forn; polysaccharide pentoses 
(16, 21). 

c 

(n #C1? 

Enzyme Assays 
The carbon source and tracer studies had implica4d fructose as a source 

of polysac charide precursors. AIdoIase activity, wlikh is necessary for the 
condensation of triose units in the fxmation of the E;X carbon skeletons by a 
reversal of glycolysis, was determined to see if thk system %as operative 
under the condition- imposed. 

The presence of adolase activity in A .  $os-aqzcae is clearly demonstrated 
in Table V. Sonic extracts of cells grown in carbon dioxide, fructose, or fructose 
diphosphate gave positive results for aldolase activity. The experiments were 
duplicated .with a1Jpropriatc controls each time. 

In addition to  the presence of aldolase, other enzyme assays showed the 
presence of phosphofructokinase and fructose diphq.hate phosphatase, but 
the absence of phosphohexcisomerase. 

Plz iz f os yn f hetic Int ermdiu tes 
Some of the intermediates were 'detcctcd by radiomtography and identified 

by comp;..rison of Ris with pure compounds. These compounds identified by 
this method were ribuIose-l,5-diphosplhte, fructow diphosphate, fructo~e-4- 
p hospli ate, glucose-(i-pliosphate, 3-phosphogI y cexirr .xid, and sedohe ptul me. 
The free sugars were also pfesent on the radiosutograrns. The spot which was 
earlier described as an unknown con ipou~d(~)  was redved into four spots 
when examined by radioautography. This area, on eatrlier chromatograms 
sprayed wit!# nr.i',inc oxalate and orcinol, which cou:A not be sepnratd inti, 
mare ti: - 1  \*e i:. explained by tlx fact that the  qmts are very small and 
bunsf.: ed p -  **- c waled by the radioautograxw The of the$& g p m ,  

.L ic:. *4 and 0.54 in butanol : propiortk acid i water ~~~~~~~~~~~ 

A f. 's$ dipbosphagIucmn. 3 % ~  athcr compownda in t h h  
whic.' 
to pt L'  

&@a, ' t  ...e' J: .ut iestidilk: complexes of the ~ ~ ~ ~ a ~ ~ ~ ~ r ~ d ~  ~Q~~~~~~~~~~ 
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I. Hex= diphosphate phosphatase (product = P i  or F6P) 
Xone \C'liole cells 3 . 3  
NOW Sonic estract 13.5 
Frucmse Whole cdls 2.9 
F TU ttc3~e Smic ex:ract 24.3 
Fructxe dip Sonic estr,ict 16.3 

Sone \Vhole cells 0.2 
N O W  Sonic extract 4.0 ' i  
FrucTxe * M'hole cells 0.7 
Fruczse Sonic extract 3.9 
Fructsse diP Sonic extract 2.7 

None \\%ole cells 0.03 
K O W  Sonic extract 0.06 
Gluc=f!z Whole cells 0 .os 
Glurse Sonic extract 0.08 

N G 2 t  Whole 'cells 1 .5  
Koiic Sonic extract 4.1 
Fruc:xe Whole cells 9 . 3  
Frumzse Sonic extract 19.6 

r 11. Hesse  diphosphate aldolase (product = triose) 

I I I. Plies; Zohesoisotnerase (product --. F6P) 

IV. Phosshofructokinase (product = triose) 

or their deivatives. P t is known that sugar-nucleotide complexee are respon- 
sible for Cie t r a n s k  of simple inonosaccharides into polysaccharides (8). 

Discussion 
'-The exzxelluis: ?ol~7saccharides of A .  $os-aqzme are major end products 

of photos:. ;Ithe& These polysaccharides are composed largely of glucose 
and xylcw !vi th n?i:zx amounts of glucuronic acid and ribose. MJater-soluble 
intracelic:x pol!-ss xharides were isolated which had the same identity as the 
extrace1ic:x polysixharides. The sequence of C W 2  incorporation into the 
extracellcl .T and i x a c e h l a r  polysaccharides suggests that  the polymer is 
synthesized - mcCu!arly, diffuses through the cell wall, and subsequently 
sloughs Q? tntq the surrounding medium. 

Exper-irzntal r e d t s  were obtained which shQweci tha t  D-fructose was an 
excellent sbs t i tu l  for carbon dioxide in the synthesis of extracellular and 
intracelfu1.w polys.. xharides. The enzymes needed for the reversal sf 3- 
phospho&ceric atcisif to fructose phosphates were present, The photosyn- 
thetic ints-media*s that  were isolated suggest tha t  A,  $os-aquue fixes carbon 
dioxide by the cycle described by Basshain and Calvin (2) for green algae and 
Nomris et a-. ? (is) 1 4  far %lue-green algae, Tentative results also show compounds 

nee .lasbkh may be associated with &e conversion of fructose 
armti 
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Extracellular Polysaccharides of 
A@et Effects an Life-Suppert . 

* 
Abstract. The amount of extracellirlar 

pdysacccharide prodticed by eight spe- 
cies of green and bhe-green aigad 
rmges from 174 tnilligrarns per liter to 
$57 milligrams per liter. Most of ihe 
poIyiners are composed of four mono- 
sarclrarides: a hexose, a pentose, a 
merhyl pentose, and iironic acid, The 
production of excessive nmoimts of 
these pfaotosyntltetic end prodircrs wNi 
itndotrbtedly inflirence die effeclive re- 
cyrfing time (if ,qroivifr me&a in life- 
supporr syslems. 

SYSf@IIIS 

fa "life-support systems" where 
media will he recycled for the con- 
tinuous growth of algae, algal end prod- 
u c t ~  will undoubtedly influence the 
efffciency of the recycling process, Fee  
microorganisms have becn shown to be 

capable of breaking down their respec- 
tive polysncchnrides for carbon and 
energy i l l .  Therefore, in an efficient 
mcdiuni recycling process, noj only 

-will i t  bc wessary to replace depleted 
minerals but sonic provision wil! h ~ v c  
to be made to reniove the accumulated 
extracellular by-producls. Accordingly, 
the selection of an alg2 to be ubed in a 
life-support system WIPI depend not onlv 
on i t s  efficiency In utilizing CO, and 
producing 0. but also on :he quantity 
and nature of its extracellular by-prod- 
ucts under the cultural conditiors em- 
ployed. 

Since the oarly 1950's, studies have 
been carricd out to explore the possihle 
use of algae as a source of food for 
overpopu!ated regions of the world (2). 
In more recent years, the use of algae 
in life-support systems designed for 
long space flights has been atudicd (.?). 
These efforts were initially designed to 
study n m s  c u h p e ,  eEciency of oxyge~i 
production, suitahle substrates, nnd so 
forth. Onc of the basic problems now 
concerns the production of extracc;lulnr 
cnd products of algal metabolism and 
their influence on the growth-mcAuni 
recyclinq proccsscs which w?uld be 
used irl life-support systems. 

At Icest threc classes of organic 
compounds are known to be liberated 
by some species of freshwater algae: 
organic acids (4, 5 ) ,  nitrogenous nia- 
terial such as polypeptides and free 
amino acids (61, and carhohydrate 
polymers (5, 7, 8 ) .  tcwin (7) has 
prescntcd quantitntive studies on thc 
proafitciion of cxtracellwliir polysaccha- 
rides hy 18 apccics of grcen algae iso- 
lated from soil mniplcs. The yields of 
the extracellular polynier ranged from 
3 to 113 milliyrnnis per lifer. 
In this rcport we deserihc the y o -  

duction nn4 composition of extracellular 
pafysaccharidcs by cighr species of mu- 

T.iblc 2. Incre.cx in dry wight nf cclls and 
piotluction of cw~iccllulitr ~~~ lys i~cch i i r ide  by 
Armbnwo f los -rrcp~~e.  

Time Exiracplld~tr polys.icchnridc cel't 
tdays) ( n i g  liter. A plucosu) O''C' liter) 

2 29 268 
4 4 ? ?13 
6 so 1128 
P 77 1203 

13 ; 38 1748 
12 205 ?Ob8 

- ____ 

_I_ 

coid green and blue-green, algae used 
for studies on life-support systems. 
Quantitative da:a are also presented for 
capsuhr and water-solublc intracellular 
polysaccharide production. 

Bacterid-free, upjalgal cultures were 
isolarcc! from saniF!es of fresh water 
and oxidation-pond water gatfiered in 
the vicinity of this laboratory. The al- 
gae were cultured for l! days In modi- 
fied Knop's mineral medium ( 9 ) ,  pH 
'7.0, cont,rined in sterilized 2-liter Pyrex 
columns (48 nil1 'n jiamekr). The 
culture\ ncrc ninint SG ired either at 5S°C 
or 40°C in the pracnce of 13.4 kilplux 
of confintrotis light intensity supplied 
froni ;I bank of white, 40-watt ffuores. 
cent lamps, a d  were aerated with 8 
mixture containing 5 percent of $0, 
in air. 

At ?-day intervnls, samples were re- 
moved for the deterniination of poly-, 
saccharide i n  the cell-free medium and 
fer determination of the dry weififif. 
An appropriate nmot.int of the cell.frce 
nicdium MIS t r c a t d  with 2 :.alumcs 
of abwlutc ethyl :Ilcohol, mixcd, and 
centrifuged; !he precipitate dissolved in 
I nil of distilled wiitcr, and the poly- 
saccjioride was dctcrniineti as t h e  giu- 
cosc equivalc'nt by the nnthrona pro- 
cedure (10). Dry weight was determined 
by drying overnight at IUQ°C, 

At thc end of the growth period, the 
cells w r e  renrovcd by centrifugation, 
Thc cell-frcc supcrnutnnts were cottcen- 
trotcd to one-tenth volume with a roe 
lnry evaporator s l  6OoC, deionized 
with w n k  i o n a c h n n p e  rcsins, nrtd thv 
~ ~ ~ ~ I I C C I I I I I ~ I ~ .  \ w h i  idr# wow proa 
:Ipitittctl with IHO \ ~ O ~ I I I U C S  of nbsolutc 
!thy1 nlcohol. The stringy preeJp1tnte.s 
v e x  collcctcd In tored nlundrrni crti. 
M c s  nriti wciglrctl nhcr drying, Tirc 
Ish contcnt of all c~1r;rccllulnr poly- 
ncchiiritlc~, rlcturmincd by combufltion 
I 600°C' w ~s suhtractetl to give ylc[da 
if orgiinrc niattcr. The harvcstcd calls 
w e  killed with 2 ml of a 2: 1 : 1 mix- 
ure (by volunre) of ch!orobcnzene, 
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dirhloroethane, and chlorobutane, the 
capsular polysaccharides v. ere extracted 
with distllled water at 10°C for 24 --. - - - -I-..__ . -  

hours, precipitated kith 1 volumes d 
absolute ethyl alcohol. and neighed. C f ~ l o ~ w h m m s  SP. X" '.x. , X 

x x  U 
lnrracellular polysaccharides (Water- ,-/,lOrPllo rllipsvidrcc X X 
soluble) Here extracted by subjecting C. vrrtgnris X X X 

rfrcquensy = 10 kcyisec) for 15 min- c~/&./~cd $,,. x I. X X 

percent trichloroacetic acid, and the 9 4' 

Table 3. htonowcharides detected in [lie hydrolyrutes of thc c.waccllular polyr;nccharides 
investigated. G .  plucasc; Ga. g;tixc(osc: A, clrabinobe; X, xyloac; R, ribme; GI. glucuronic 
acid; F, filcoic; Rl,, rh;lmno,e, 

Algal culti:re G GA A X "  R GI F Rh _ _ ~  -.__. -____ -_______--_____._.__ - 
NosrcT sp. X X x x  

x x  X X 
'X x x x  g!:,'z:f '''':casu 

X x x x  nmbflt- i ta flos-uwiae 

X indicates the pru.ence of a Particuhr icniotiveiy Identified monosacchnrldc. 

the cell suspen5ions to sonic vibrations 

Utes.; the solubie protein and soluble 
pigments were RmObed with cold 10 

polymer was precipitated with 2 vol- 
umes of absolute ethyl alcohol. For the pentose components, ribose and xylose. 
determination of monosaccharide con- yields Qith all other cultures were some- Hydrolyzates of capsular and water. 
stitucnts of. the, extrtrcellular polysac- what lower (23 tQ 75 mg/liter). Syn- soluble intracellular polysiwcharjdes 
chdrides. 50-mg iamples were hydro- thesis Of extracellular polysaccharide from Pal,nelln mucosa and Amb&na 
])zed ujrh 4 mj of IN H.;O, in sealed OCClJrS more extensively than the ac- flos-oquac yielded the same constituents 
ampules ai  1Oo'c for 4 hours. Barium cumulatiw of capsular or intracellular ds found in the extracellu!ar yolysac- 
carbonate war added to nelrtralize the pdysaccharides. Very little capsular cbaride.pf the respective alga. 
HSO, 10 congo red and the BaSO, was polymer was expected to be produced Thc results of tht*cxtracellular poly- 
rewoved by centrifugation. The hydro- because of the vigorous aeration of the saccharide scr&ning tests designed to 
lyzates were then concen:rated to 0.5 cultures dLlriflg growth. ineasurc the amount of soluble extra- 
m] for chromatographic analysis. Por- With all of the cultures, the produc- cellular ciu'hohydrnte polymers pro- 
tions of the hydrolyzates and standards tion of the exiracellular polymer WBS duced by ccrtnin algae used in studies 
were placed in spots on Whatman No: It dependent upon the age of tho culture, of life-support systems show that these 
filter paper and developed with a mix- the most significant increase being dur- metabolic end ptoducts accumulate in 
lure of phenol and water 4 100:39 by ing the late log phase of the growth the growth niediuni. The accumulation 
wight), and a mixture of butanol, cycle. These results are in. contrast to of these end products will undoubtetlly 
acetic acid, and water (2: 1 : I ,  by vel; I those reported far some species of decrease the effective use of growth 
ume). Sugar spots were located and marine algae in which the extracellular 
differentiated on the chromatograms carbohydratc accumulated only after B. G. ?loma 
with the aniline-oxalate !nixlure de- the cultures reached the stationary R. G .  TISCHER 
scribed by Norrocks and'h-ianning (JZ).  phase of the growth cyde  (13 ) .  Poly- 
The tentative identification of the mon- saccharide production continues slightly 
omeric constituents of the polysaccha. after the cells reach the stationary phase 
ride %as made by comparison of the of the growth cycle. The data for 
unknowns to standaid reference sugars. Anaboenn flos-aquae are given in Table 

The yields of polysaccharide In the 2. 
various tractions and cells are given in The. large values for extracellular (1958). 

Table I ,  These strains produced muck polysaccharide may have bcen-.thc re- 2. i: ~ o ~ o ~ i ; ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 9 ~ ~  
more ext;acellular polymer th'an those sult of the vigorails aeration afforded Y. Morimurn and N. Tnmiya, F O O ~  T U C ~ ~ I O I .  
reported by Lewin (7). The raage of in columi culture, Conversely, Guillard s, J": Ly9 1. Food sc,, 28, 229 (1963h 
extrace,,iilar 'polysaccharide production and Wangersky (13) , and tcwin (7) J. N. Phillips, Jr., Dewlop. hid.  Mlcroblol. 

3, 5 (1962); D. L. Dyer nnd R. D. WTonl, wzs frpni 174 mg per liter to $57 mg obtained much smaller yields from /bid,, 87; E, A. Zurow, lbld,, p, 140: R, 
per ;Iter. 'The yield of extracellular gently aerated ffask cultures. Tlschcr, B. P. Tlschcr, D. W. Cook, IMd., 

Y 

--------_ -- 

hetiff flo+aquoe t 126 mglliler). The 

media. 

Deparrinertt of Mimbiology, 
Mississippi State University, 
Srate College 
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Javelopments in 





Factors affecting €lie availability of photosptlretit gxoducts f i r  o 2it.r organisms have 
been imwtigated in this laboratory. 

I t  has been found that by subjecting Pdmel;~-;;:cvis species to sonic vibrations, 
that water soluble carbohydrate increases by a fZ--.tnr o€ teri x d  the dry weight of 
the aQal cells decreases by factors up to 86-969. 

The feasibility of employing sonic estracts of Pcirnel!mccus species to supply car- 
bon and energy for the wth of Tortila ut& Ls been hsrstigated. Respiration 
and growth studies have 3 - O  iown z kworab!e resptwe of Tomb ut& to sonic extracts 
of Palm ~ l ~ C U C C u S  species. 

The roles of algae in extended space flights are four.f.,:d; tu funrish a source of food, 
to replenish the availahle oxygen supply, to utilize I-es$rrttory carbon dioxide, and to 
1 i t i h  the waste products of the manned craft. 

T@e iast diree roles (oxygen production, C02 utiliza+.m, and waste degradation) can 
be demonstrated easily with most of the common greer, and blue-green aIgae. 

The,€~~d concept has been studied extensively, b e  no favorable resuits have been 
obtained with human subjects. The protein, carboh!-be, and fat content of algae is 
comparable %ith yeast and other microorganisms. 

Pxotein has been studied the most extensively. Fisfhr and Burlew (1953) reported 
that algal proteins did not stimulate growth in the rat s efficiently its other proteins of , 

bigh biological value owing to a deficiency in the sdfui  min no acids. A report of 
Proskfs work (Ladle ,  Satiberlich, and Shockley, ZW) stated that the addition of 
algae alone did not show as good’a response as wi6  the casein supplemented diet. i 
Combs (1952) stated that chicks gained in weight and k d  higher fwd ccaversions when i 
10% Chbrdh  WBS substituted for soybean meal, but &e increased growth was later s 
shown to be caused by the carotene content of the a ’be  which supplied vitamin pre- 1 
cirrsor~ to the chick. Leveille et al. (L962) reported *at chicks and weanlhg rat3 fed 
saverel species of’n~gae as a protein source did not c ~ ~ p a i . e  with ttie control group on 
standard pi*ote,n sotirc~s. The algae were deficient in mtl&mjnes histjdine, and glycine 
for the chick and kats. Lubitz (1963) showed that CVma2ta ’;la@ hm a PER which is 
sligll.ltly under the PER for casein md about threc-forst&s &e Pm of: wfiols egg. The 
protein was shown to be 86% &g&t-lhlEj, ’the fat w a ~  9?% digesh‘bk, and total carbo- 
‘hydrate was 72% digcstilde. Dyer ~pnd CaEo~ord (19OJa reported tw %K.hite mice showed 
a - w t  gain in weight after being fed i(=hhdh pyfmadtw TX 71 105 for 1312 davg. h 

’ Q m~o work wa$ done CSOW~~OW, r~re ~atitxmt ~~~ space ~dmini3tra- 
‘tion, Wahhgtoa, D. C, 

f 

f T 1  
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.nitid weight ioss occiiri-ed b c i ~ x  the cain was obtsrirwd. Tlrcse authors ut tributed this 

Powell, X!zveL, urd hrIcDowcIl (~wI) Lave presented data 011 thc tttiiizatiorl of algae 
'by fiumrriis as a sole fuod source. First, tihe algae were not acceptable by the subjects in 

ste and odor even when siipplemctnted with other foods. Second, whm large amounts 
f the algae were fed to human subjects, seveid undesirrrble symptoms devoto& 

(nausea, cramping pains, vomiting, etc.). 'These u orkcrs concluded that the algae might 
be used if supplemtnred with other foods but that ifiipwvernents in digestibihy and 
accegtaLJity of the algae ar.q needed before tfie algae caii be used as a sole folrd source. 
Cook and Lau (1961) repr&d nlnost the smie conclusions in thJt the rat and h m m  
could use the algae suppkmented with other foods, 5u t  the algae dune did not meet 
the nutritiord requirement oE the rat and h w a n .  This same approach was used by 
Morirnara and Tarniy-3 (1954) in €oimulaiting algae containing diets. 

Since yeast cells can serve as a food or supplement fm tl3e human subject, this 
investigation was initiated to determilie if algal extracts could supply carboa and energy 
for the cuItivation of yeasts acceptable as a diet for human consumption. 

The objectives in this primary investigation were (2) to obtain a method for efficiently 
preparirng algal :xtracts, (b) to test the algal extracts for energy sources in the form of 
carbohydrates. (e) to test the growth response of a selected species of yeast on the algal 
extract, and (d) to deteimine the oxidation of algal extracts by a species of yeast. 

The source of algae €or these experixn-i+q was PaimeEl~coccus species grown under 
bacte~ia-f~ee,conditions in Knop's minerLi 9e&um at 23 C and 1200 foot-candles light 
intensity. This alga was selected because of its high cell carbohydrate content and its 
ability to produce an estracellular polysaccharide composed chiefly of glucose in high 

Q yields (Moore, 1963). The cells were harvested fi-om &e growth medium by centrifuga- 

- 

tion in &e cold and resuspended in known concentrations in a yeast-basal medium 
deficient in carbori (Difco Labs., 1953). 

Effects of Somixtion on Palmello- LOCCUS 

The method selected €or preparing algal extracts was soneration. A Raytheon lQKC 
sonic oscillator was used to disrupt the cells. The effect of songration on BabnelEo- 
coccm in terms of dry weight, decrease in packed cell volume, and release of soruble 
carbohydrate is given in Table 1. Dry weight was determined by difference measure- 
ments using tared gooch crucibles with asbestos mats at 90 C. Packed cell volume was 
determined in calibrated centrifuge tubes, Soluble carbohydrate was determined by the 
Anthrone procedure of Matton et al, 1955. 

A quick and efficient method for the rupture of algal cells (PaEmeZ2ococczrs in par- 
ticular) is soneration as represented by the data in Table 1. Packed cell voIuwre trials 
indicate that within 15 minutes the greatest amount of solubilization is apprpached. The 
release of soluble carbohydate into the medium (expressed as glucose by anthrone anal- 
ysis) shotvs &e same trend. Within 15 rrrinutes, the soluble carbohydrate in cell frag- 
ment-free extracts increases by a factor of about 8 over the nonsonerated samples. 
The carbohydrate detected in the nonsoneratd samples is '-he result of the excxets'an 
of cellular and extraceUular polysaccharides ir to the medium. 'I'he amount of solubiliza- 
tian achieved with the algae varies with cell concentration as would be expected. With 
more dilute concentrations (less than 1 rng/ml), over 95% solubilization can be achieved 
in I5 minutes expozure. More concentrated solutions give solubilization figures lower 
than tbis. Tltc trend with concentrated cell so?uticm is tu get more sofubikation -with , 
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I I Ilecrease in Dry I Packed Cell 1 Increase in Soluble 
I \'olurne 

I I 

I 

Cwlmhydratc i Wcigh t 
- 

I Trial 2 
I ! 

' Trial 1 j Trial 2 i Trial 1 1 Trid  2 1 
i 
I 

I 
Esposiirc I I- 

I 

i TrLtI 1 i (minutes) I 

! 
i m1'5 

0 I 0.15 
1 5 0.03 
30 0.01 
45 1 Q.01 

I 

1n1!'5 ml i pg as 
~ glucose 

I 0.13 49.0 
0.05 1 395.0 
0.02 394.0 

1 

0.01 1 395.0 

pg 3s 
glucose 

65 .O 
595 . O  
590.0 
595.0 

95.17 
96.49 
96.62 

long exposure in contrast to dilute solutions where almost total solubilization is achieved 
in less than 15 minutes. 

Carbohydrates in the Algal Extract 

To determine the relative amounts and forms of carbohydrates in the algal extract, 
the €allowing analyses were performed. Fifty ml of a Palme?lococczrs cell~suspension 
(6.93 mg/'nnl) was solierated 45 minutes. Ten nil samples of the cell-free 0- and 45- 
minute samples were concentrated to 0.1 ml for chromatography to determine free- 
reducing sugars. 

Water-soluble polysaccharides were determined by precipitating 10-ml samples of the 
cell-free 0- and 45-miniite samples with 20 rnl of ethanol. The alcoholic precipitates were 
hydrolyzed with 4 m1 of f N  HCl for 6 houw at 104) C in seafed ampoules. The hydroly- 
sates were evaporated to dryness at 60 C in vacuo and resuspended in 0.1 rnl of water 
for chornatography. 

The solvents used for developing the chromatograms were phenoI; water (100: 
39 - w : w) and n-butanol: acetic acid: water (2 : 1 : 1 - 1 : 1 : I.). .Reducing sugars 
and scidic monosaccharides were detected on the chromatograms by spraying chromato- 
grams with d i n e  hydrogen oxalate and htating to 75 C f ~ r . 1 5  minutes. The results 

Soneration of the alga! cells releases two classes of &trbohycXrates as exhibited by the 
data in Table 2. Exposure of &e algal cells to sonic vibrations for 45 minute's releases 
three free monosaccharides from the cells. These were glucose, uabfnass, and fucose. 
The relative amounts showed that glucose was the sugar present in &e highest amen-  
&ation. Tine qunlitative analysis showed that Rn array of monosaccharides we released 
from the algal cells in the.form of poIysacchrriSdes. The typa oi: &e batand m~nosae  
chitrides of Palmeltococcus were glucos~s, mannose, arabinose, ribose, fucose, a d  gIucu- 
rma. habimse mid glucose were the main sugars present by estimation of spot intensity ' 

on the paper chromatograms. The bound sugars obtainesd withotit soneration were ~t t&= 
ut& to the cel1iil:tr sIoughing ~ f f  of polysnccharide material. The carbohydrate anal- 
ysis shc~ws thnt aaveral diEerent axgnrs and different h m s  nrc? m ~ d i ?  available wiim 
the1 dgt.11 cell i g  ruptured. The prescnco a€ mnnnoqe is rsttributed to mlublo cell-wall 

4 in 

of the chromatographic analyses are givm in Table,.Z. 'f'. 

-*b 
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Polyswccha_r.idcrs 
(1) 0 Minutes. ....................... 

(2) 45 &finrr+,es.. ..................... 

Standztrd &gars. ..................... 

0.3735 
0.4231 
0.5192 
0.6177 
0.5322 
0.7596 

0.3580 
0.5i02 
0.6128 
0.082 
0.6100 
0.3336 
0.7200 

Glucosc 
Arabinose 
Fucose 
Glueiirone 

0.1957 Glucosc 
9.2198 i Ma tmose 
0.2359 ! Arabinose 
0.2841 1 Ribose 

:3 + 
f + 
+ 
i- 
4- 

t.race 

4+ + 
5+ 
trace 
2+ + 

.......... 

.......... i 0.1983 1 Glucose 
0.2459 1 Arabinose 
0.3211 Fucose .......... 

Glucuronic Acid .......... 
.......... i .......... 

I 1’’ * - * - - - 
I I 

* Owing to cellular polysaccharide of cells. 911 Rf values are averages. 

the cellular and extracellular polysaccharides of this alga. Ribose was detected only in 
trace amoun+s. 

Pahellococcus Extract as a Carbon Source for the Growth of Torula utilis 

Torula titilis strain NRRL Y-900 was grown in the yeast-basal medium with carbon s i p  
plied in the form of the algal extract. The inoculum of T. utilis was prepared as fol- 
lows: 2”. titiZis was streaked on a sterile agar slant containing 25 ml of nutrient broth,’ 
1% glucose, and 25 ml of a sonerated algae suspension. The yeast cells were washed 
off the agar slant, centrifuged, and suspended in 50 rnl of sterile phosphate bufFer, pH 
7.0. Cell concentration was determined to be 9.5 x 106/ml with a counting chamber.: 

Palmelkcoccus cells (1.1.89 g )  were suspended in 400 ml of yeast-basal medium giv-’ 
ing a cell concentration of 2.93 rng/ml. Fifty ml amounts were s6neiated for 15 min- 
utes. Dry weight after soneration was 0.42 mg/ml. The percent solubilization being 
85.86 and Tor each 50 ml of sonerated algal suspension, there were added 125.5 mg of 4 

solubilized, dgal cell contents. 
Oris ml of the yeast inoculum was inockated into 5Q ml of the algal extract and into 

ymsbbasal c~rttrok?, Samples were takm at %, 48, and 42 hours tb 
cell concentration with a* counting chamber. Tho hfesukq are 

, 

lpfrpcct ~re.---hw?wt +)@ w- -%&a!h&*r*ta&#arti - lllR 
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The alga! extract as a grcwth su'ostrtte €or T. utilis gave encouraging rcsuhs. The 
number of yeast cells in the algal extract increascc! by a lactor of about 4 in 72 hours 
and most of the gain was from 0 to 2.4 flours. Growth in the- control was negative as 
evidenced by the decrease in the number of countable cells. The respiise to the extract 
shows that this species o!' yeast can u 3 h e  some of the solubilized algal cell contents as 
a source of carbon for cellular synthesis- 

2 

Oxidation of Algal Extracts by T. ritilis 

Tu determine the oxidation of algal extracts, mammeiric techniques were used to meas- 
ure the oxygen uptake on extracts and rnadified extracts by T. titi?&. Standard Warburg 
techniques were used as described by 'timbreit, Burris, and Stauffer, 1959. For extracts, 
the flasks contained 2.8 ml of the test sample with 0.2 m1 of 10% KOH in the center 
well and 0.2 rnl of the yeast cells in the side arm. Oxygen uptake was determined 
at 30C.  

a. Uptake of Oxygen by T. utilis on Algal Extracts vs. Time of Soneration. Samples 
of .PalnzeZlocnccus cells in yeast-basal medium (6.93 mg/ml) were sonerated .for 0, 15, 
30, and 45 minutes. Each sample was ceytrifuged after soneration to remove intact 
cells and debris. The samples were heated at 100 C for 5 minutes to retard enzymatic 
activity and bacterial growth. Samples were then tested for oxygen uptake using 
T .  utilis. Each side arm contained 5 mg of T. zrtilis cells. The results are given iil 
Table 3. The extracts were compared to a heat-killed suspension of Palmellococcus 
cells and to a sugar solution containing 800 pg of glucose. 

T ~ L  oxidation of the algal extracts gave results which indicate T. utilis can utilize 
the algal extracts as energy sources. 

Oxygen uptake g s .  time of soneration (Table 4) shows that the maximum response is 
gained when the algae are sonerated for 45 minutes, however, this differen& is not 
large enough to merit exposing the algal cells to son%ation for over 15 minutes. Oxy- 
gen uptake on extracts was about 3.5 times as much as on the intact cells. The response 
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End: Endogeqous. 
AGO, 15, 30, 45: A&al extracts over time. 
HKC: Heat killed cells. 
8s: Sugar solution. 

Series 
A 
B 
e 
D 
E 
F 
JS 
X-T 

Contents (25 ml) 
Yeast-Basal Medium 
Algal Extract 
Algal Extrqct +- 11'3,5 rug Glucose 
Algal Extract + 117,5 mg Peptone 
Algal Extract + 1$7,$ mg Ghicose! 3. li17.5 rng Peptone 
Algal Extract - (Prstsin and Chlorophyll)" 

Yeast-Bad Medium $ 117.5 mg Ghmiie 
JE-E@at-killed celb 
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FIG. 2. Oxidation of extracts wit11 and wit lout supplementation by 
T. utilis. 

The flasks were sterilized ffx 3 minutes at 121 C and 15 psi. Flasks containing the 
extract had n green precigitat? after autoclaving. The series with protein and chloro- 
phyll removed contained no precipitate and wiis perfectly clear. Aliquots of 2.8 ml 
were tested €or oxjgen uptake %sing 1.5 rng of T ,  utiZia cells per Warburg flask. The 
response is given in Fig. 3. J 

Supplementing the algal clrtzacts with glucose and peptone increased the oxidative 
response of the yeast but: not t? a large extent (Table 4). 'flhen glucose and peptone 
were added singly, the rwp0nsl.r to the algal extract was higher than the supplemented 
responses. The alga) extract dm gate a response much higher than a flask containing 
the same mount of glucwe alded to the basal medium as the extract contained solu- 
bilized cell contents. The respnse to heat-killed cells was about one-half that of the 
extract. The significant msults of the experiment show that when the algal protein and 
chIorop11yU are removed, 8 mponse is achieved just as great or greater than tho 
response on the extract, with aid without supplemelitation. This represents a method of 
converting algae grown on wage substrates, etc. to a microbiological medium for culti- 
' vating other micruorgailims. %e medium was alc:ost perfectly clear after autoclaving 
and did not have any of €216 dmracteristic odors of algae (fresh or cooked). The odor 
problem W E  encouni-ered whm human subjects were fed whole algal cells and accord- 
ing to &e subjects, this d o r  was very disagreeable. 

6 c. E f k t s  of Rem*% AI@ Protein and Chlorophyll Upon oxidative Response of 
2'. utiZis to Algal Extracts- It W.B ihown in the'previous experiment that by removing 
the protcin and chlorophyB a response was obtained which was a little higher than for 
the a g d  extract with axd w i t b ~  supplementation with qlucose.ta-il peptone. The s ip  
&cant polmnf is that the rens;cl~~I af protein a d  chlorophyll gave a medlim which wa 
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AE: Algal Extract. 
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resiciub cxtructctcl v 5 nil oi ikjsohrie t t h u d ,  tlw cxtrilct d!s~;~rded, U I ~  tho residue 
was adtied back tri the origixiri' siipernatnl~t. 

One (;cries of tkit. sunipleb W I S  rtutoclwed far 15 miiiutcs at 121 C n ~ d  15 psi. 
Another series of the saiiiples was heated lor 5 xinzrtes at 100 C. 

Aliquots of 2.8 rl.1 were tes4-d for oxygen iiptctke with 5 mg af cclls (dry weight) of 
1'. z i t i k . ~ .  The results are gi\e-- in Table 4 a i d  the rcsuks of the iiutoclnved substrates 
;ire gr;i,pIicd in  Fig. 3. 

the uxdativt? r e s p t ~ n . ~  of the !t:ist ( T d h  4). Since the oxidative response is not effected 
by the removal of proteiii w d  -.!llnroph~U separately or in combination, the soluble algal 
carhhyclratc, protein, etc. S C F  its x; iii~~xcellent energy source for X. zrtilis as evidenced ' 

this was duplicated. 
The use of algae in tbis role wodd seem to be more of energy slrpply than a source 1 

of carbon in a dosed ecolog! Evidently the protein of the algae cannot be used effi- I 

ciently as a source of carbo:. for other organisms as evidenced by this study. This 
would be of utmost value bewise it hiis been found in this laboratmy that various 
molds, yeast, and Lacteriiz cit': be grown 'in large quailtitier on waste substrates if sup- 
plemented with an energy so~i'ce. b y  using algae €L,i this energy sgurce, a microbial ' 
food for human tonsumptior, t:irild be realized. This would furnish the ecological cycle 
an end-point in fi~rnislhg f o L  waste utilizatim, and gas recycling. The efficiency of 
this system will depend on ju:n how much energy has to he supplied in terms of light 
energy to cultivate the algae i--i inass quantities. This approach would seem to be much I 
better than the use of whole ~ ~ 2 1  cells as carbon-energy sources which has not yielded 
any astounding results SO far ZI teims of supplementing the human diet. 

The effect;, of rfmoviiig t i i t  potein m d  chluropliyl% sepnrntely did not seein to alter 1 

I 
by the oxidative responses. TL? lieat-slrbcked substrates gave variable results eriih time \ , 

1 

* I 

0 ENDOGEWUS I 
/ ALGAL dfT,?ACT 

I -(PROTEIN a CH(_OROPlYYLL) 

I -1CHLOROPUYLL ) 
-(PROT€/N) 

15 45 60 75 90 105 120 

TIME f yinutes) 

FIG, 3. Oxidative rcsp:nse by 2'. ut& to a lp l  .xtPacts with. protein and 
chlorophyU renioved 
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Some species of green and blue-green fresh-water algae liberate 
varying amounts of organic material into their surrounding environment. 
One such class of compounds is extracellular polysaccharides. These 
polymers may range froin simple two and three to eight component 
polymers. LEWIN (1956) reported on seven algal polysaccharides from 
Cl2kamydomonas species irhich were composed of only two units, ara- 
binose and galactose. Also LEWIN isolated a polysaccharide from Chlamy- 
&monas sphgmophila. which contained seven monosaccharide units. 
Extracellular polysaccharides from Nostoc commune, Nostoc nauscorum, 
and Anabaena cytindrica contained seven, eight and six units respectively 
(SONES et a.1. 1952 ; BETAS 1957 ; BISHOP et al. 1854). Almost all of the 
common monosaccharides can be found in these: polymers. Hexoses, 
pentoses, uronic acids and methyl-pentoses am the usual constituents 
in varying combinations. The amount of extracellular polysaccharide 
produced varies widely from culture tc culture with some vari&oi prob- 
ably +e to  differences in culture chambers and polysaccharide analyses. 
Quantitative data are available from the works of LEWIN (1956) and 
MOORE and TISCHER (1963). The species of algae examined by LEWIN 
(1956) produced the polymers in concentriVion from 3-113 nig per 
liter of growth medium. Mucilaginous speciia examined by MOORE and 
TISCHER (1963, 1964) produced from 174 - 557 mg per liter of growth 
medium. Thus, the amounts produced depend upon the strain employed. 

Palmellu muco~a K i t z .  produces ext;racrlldar, capsular, and water- 
eoluble intracellular polysaccharides (MOORT, and TISCHER 1963). This 
report is concerned with the extracelldm polysaccharide : its coin- 
position; the effects of Weren t  carbon and nitrogen sources on its 
synthesis; the rate of its €ormation; and it,$ biosynthetic route. 

9 Materials an4 Methods 
Extracellular polysaccLarides were e&racted by a ten-fold concentmtion of 

?\e eD-free. medium followed by the addition d 8 volumes of absolute ethanol. 
Capmlar polyaacoharides werc'Bxtract6d from hwvefited cells with @t.:Sled H,O 



at 5" c f,Ir :.' hwxs  n i id  prwipitntrtl by the addition of 2 rolumcs of absolute 
ethanol. 1j'fit tTSOhlhk3 intracellular polysaccharides were extracted hy rupturing 
the ce~ls in 11 ~ t ~ y t b c o n  IO KC sonic oscillator for 10-30 minutes. The supernatant 
Iiqilid wns trcakd with cold lO0lo  trichloroacetic wid and tho polysaccharide 
extracted with ethanol from the doproteinized iolntion. 

p&da wmcosa ICCtz. was cultured in the modified Knop's mineral medium 
( p ~  7.0) (PHILLIPS stid MYEI~S 19154) at 25" C and were exposed to  n continuous 
light intenRity of 1250 foot-candles. All cultures mrc supplied with a 5 CO,-air 
mixture except diere designated. 

Extracellular pdysaccharide production as a function of time was measured 
by determining the amounl; of the polymer liberated as estimated by the anthrone 
procedure of SNELL and SKEW (1958). Thc dry weight of the cells was determined 
by dryiiig a t  100" C for 24 hours. 

Polysaccharide samples were hrdrolyzed with 1 N H,SO, in sealed ampoules 
by heating in a boiling water bath for 6 hours. Residual HzSO, mas then renioved 
by neutralization with EeCO, to  congo red paper. BaSO, was removed by cen- 
trifugation and the sample ~olunie  reduced to  0.1 to  0.5 ml in vacuo a t  80" C. 

Chromatographic separations of the constituent, monosaccharides wem per- 
formed using phenol : water (100 : 39 - Tp'v : W) and butanol : acetic acid : water 
(2 : 1 : 1 - V : V : V). Sugar spots were located on the dried chromatograms using 
the procedure and reagent of HORROCKS and J h m a c  (1949). Reference sugars 
mere run with all analyses. 

To determine the molar proportion of the constitutive monosaccharides, the 
procedure of ~~[AWTIXORXE (1947) was followed. A sample of the polysaccharide 
hydrolysate was separated ckomatographicallj- on paper. The individual spots, 
located by spraying duplicate chromatograms, were cut out and eluted with 
distilled water. The amount of each monosaccharide was separately determined 
and the molar ratios calculated. 

To determine the effects of carbon sources on extracellular polysaccharide 
production, the alga was grown on rarious carbon sources supplied a t  a level of 
and the response mas determined in terms of dry weight of cells and as extracellular 
polysaccharide produced icxpressed as glicose by the anvhrone procedure). Carbon 
dioxide was ornit.ted from the aerating gas for carbon sources other than 5 O/,, CQ,. 
Kitrogen effects were determined in a similar fashion with the nitrogen sources 
being added a t  the same level of nitrogen as the usual source, 3.53 g KXO,/liter. 

The preliminary biosynthetic studips were performed using &iHc1403, HC1400H 
and unifordy-labeled glucose-C14. Cells were exposed to the CY* sources in appro- 
priate chambers and the polysaccharide fractions extracted and assayed for radio- 
activity. Radioactivity was measured with a thin-window G-X tube. 

Results 
,- J The extracellulm, capsular and water-soh ble intracellular poiy- 
saccharides all contained glucose, gliicwonic axid, arabinose .and fucose 
in molar radios shown in Table 1. The average of the analyses g&es a 
molar ratio of 11 : 6 : 3 : P for glucose : fucose : arabinose : glucuronic 
acid. 

The production of extracellular polysaccharide and cell dry weight 
as a fuxction of time ia presented in Qg. 1- The data reprss&& the PO- 
duction of polymer expressed as anthone glucose egui.valents. 
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Table I. Hdai* ratio of monosaccharides in the extracellular polysaccttu&je 

Conceutrnt ion 
(lg I pin 

89.09 0.4945 
19.31 Q.1290 
32.90 0.2010 

7.15 0.0370 

- 
Molar 
ratio 
units 

13.36 
3.50 
5.45 
1.00 

B 

C 

* Average of hydrolysates A, I3 and C. 

Glucose 
Arabinose 
Fucose 
Glucurona te 

Glucose 
Arabinose 
Fucose 
Glucuronate 

I?@. 1. ExtraceUular polysaccharide production and increase in cell dry weight 8s a function of time. 
1 Cell dry weight; 2 Extracellular polysaccharide 

76.92 I 0.4269 
16.67 1 0.1100 
46-71 i 0.3845 

The utilization of various carbon sources for cell and extracellular 
polysaccharide formation was measured after incubation for 9 days. 
The data are presented in Table 2: After incubation, the extracellular 
polysaccharides were examined for any variation in conetitnents. Ten 
mg’8 of the extraeellular polysaccharide fractions were hydrolyzed and 
60 put spotted and developed chromatographically. The results are give11 
in Table 3, 

The effeots of several. rdtrrogenous com.omds ora exfmceUaular poly- 
wooharide production me described by &e data in, Table 4, 

9.61 
2.48 
6.34 
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Xitrogeu source I Dry weightg 
i w / m I  

co2 
Glucose 
Acetate 
Lactate 
Pyruvate 
Glycerol-phosphat e 
Formate 
Control 

A PIT units 

pH Change of nicdiuni I Extracellulm 
polysaccllaide 3 

pg/6 ml as glucosr 

2.549 
6.QXl 
0.395 
1.198 
1.225 
1.387 

1 1.193 
I 0.209 

170.00 
181.00 
ti3.50 
95.75 

I 1.18 
1.62 

KNO, 1 
Ca(NO,), 4H,O 
NN,NO, 0.40 
NaMO, 
No nitrogen3 0.30 OotrO 1 51.30 

438.00 
700.00 
140.00 
250.00 
280.00 
216.00 
171.00 

1 58.50 

$- 0.2 + 0.4 
- 4.2 
- Q.1 
- 1.0 

0.8 
f. + 2.7 + 2,7 + 2.1 

+ 5.7 
Jr 1.3 
-#- 1.8 + 2.0 

Table 3. Extracellular polysaccharide composition of Pd~nelkz mucosa Kiitz. formed 
in the presence of different carbon sources . 

1 Spoton 1 chromato- 
, gram source 

Glucose 

Acetate 

1 
2 

- 3; 
4 

1 
2 
3 
4 
5 
6 
7 -  
1 
2 
3 

. .. 

Monosaccharide 

Glucose 
Arabinose 
Fucose 
Glucuronate 
Glucose 
Arabinose 
Xylose 
h c a e  
Glucuronate - 

2-Deoq~ibose 
U l h l O T T I l  

Glucose 
Arabinose 
Fucose 

I Spoton 
Carbon i chromato- 

I gram 

1 3  ! 

Glycerol 1 
Phosphate ' 1 

Formate 

Nonosaccharide 

~~ 

Glucose 
Arabinose 
Fucose 
Glucuronate 
2-Deoxyribose 
Glucose 
Arabinose 
Fucose 

Glucose 
Arabinose 
Fucose 
Glucose 
Arabinose 
Fucose 
Glucuronate 
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The preliminary biosynthet,ic studies were carried out with: (a) cells 
susperded in Knop's medium without a nitrogen source and (b) ~ i t h  
cells gowing in normal Ihop's medium. 

fro= .NaIQCIWO, into the extraceiltilar p d y -  
sacchsride and cells during c'lifferent time exposures is plotted iu Fig.2. 

The incorporation of 

CPM 0 7UU CCM 

-- 

LTxpusure Erne 
Fig. 2. The incorporation of N a H P 0 3  into the extracelluIsrr polysaccharide and cellular material 

of Palmcucl mucosa 1zutz. 1 Cellulw Cld; 2 Po!ysaccharide 

Table 5. Incol'poratbn of radhactivity from NaHCLW3 and uniform19 labeled 
glucose-iPI by resting cells into polysaccltaride f rmthts  in 12 and % hours 

CIA Source and fraction 

EP : IBY403- 
CP : MC14Q6),- 
ICP : WC140,- 

EP : glucose-C1* 
CP : glucose-Cl4 
ICB : glucose-C1* 

El' : glucose-C14 
CB : g1uo0ac-C~~ 
IC?? : gluc"b3-c1~ 

- -  

Time 
hours 

12 
12 
12 

24 
24 
24 

12 
12 
12 

24 
24 
24 6 -  

Total mx 
in fraction 

298 
49 

L,OOO 

3,225 
12,680 
24,000 

20,727 
12,000 
8,920 

29,093 
6,920 
9,800 

O i 0  of added 
radioactivity 

0.06 
0.01 
0.21 

0.67 
2.64 
4.99 

4.48 
2.59 
1.93 

6.28 
1 .ti0 
2.20 

1 El? :Xxtmosllular polysuocharido. 
2 CP : Capsular polysaccharide. 
9 ICP: Intracellular polysuccharido (water-rjolubio). 
* cpm added per sxposuro: i%HCL4QB 480,200; g111cose-C~~ 462,700. 
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EP1: NsEW403 
C P :  NaHC1400, 
I C 2 3  : NaHC1403 

. .  ' Seaidual cell W 

EP: glucose-C'4 
GB: glllcose-C'4 
ICP: glucose-C14 
Residual cell C14 

The results show that polymer production is directly related t o  the in- 
corncratim of  C Q  by the cclis and the stikeque.ll.t; Y transfer t~ extra- 
ctli: -h polper .  After SO mlxntcs expos-me, the. radioactivity of the 
~ 2 %  :,C,crts to dccrenzc, -~-hiiq tko rc?tEmctiv2iy of the p o l p e r  mcrcases 
rc-;?idly and contbrucs -;o incrass after the clectine in cell Ci4 count. 

The labelbg of extracellrdar, -3psular and water-soluble intra- 
cellular polysaccharides formed. by resting sells exposed to NaHC1W3 
and unifurmly-labeled glucose-@"* for 12 aud 24 hours is given in Table 5. 

A 

- I 

- - 
795 0.34 

12,150 5.26 

8,794 1 .01 
4,640 0.48 

37,680 4.33 
458,150 1 62.66 

I 

Table 6. Incorporation of mdioactivity from iVaHC1403 
and uniformly labeled glucose-Cl4 by growing cells into 

polysaccharide f ructions 

The labelling of extracellular, capsular and water-soluble intra- 
cellular polysaccharides formed by growing cells from NaEC140, and 
glti.cose-C14 during 12 hours is shown in Table 6. Since extraceuulnr poly- 
aacuharide production followed the curve for cell dry weight, the data 
show that the synthesis of other cell constituents with either of t h e  two 
C14 sources takes precedence over that of polysaccharide. 

The long-time labeling pattern of the polysaccharide frcackions formed 
by cells exposed to NaHC1*O3, glucoso-Cl~ and HCWOH is displayed 
in Tabls 7. These experiments were porfornned to  determine if th0 radio- 
activity would be concentrated in the polysacchmido after oxposwe 
t o  the C14 SOWOCY durbg elhe complete growth oycle. From Table '7 it; is 
apparent that approximately one-half of the total amount of C14 fixed 
is found in tho polywxhuride hct ions nmt ia kighosij in the txntrucollt&m 
polymer. 
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~ i ~ a s s i o n  ma ~oneiasion 
The extracellular polysaccharide produced by PahdZa m,.ueostt X<iit;z. 

is relatively simple in composition. "he  presence ofthe uronic acid moiety 
suggests that it may a'Gt tts the core 60 which tho other sugars of the 

Table 7. Incorpmtxtbn of radioactivity 
into polysaccharide of Palmeliu mucosa 
Kii tx .  after 8 days' ezposure to rudiouctiue 

carbon source 

in fraction Polysaccharide fraction 
and Ca4 source i CYM' 

1. NaHC140, 
EP1 
CP2 

Residual Cells 

EP 
CP 
ICP 
Residual Cells 

EP 
CP 
ICP 
Residual Cells 

I C P ~  

2. HC1400H 

3. Glucose-C14 

i 
I 

! 
i 

I 
I 

i 
! 

1 
! 
i 
! 
I 

1 
i 
I 

4,858 
380 

3,052 
8,950 

8,623 
640 

3,600 
11,600 

154,151 
5,700 

34,885 
256,550 

EP: Extracellular polysaccharide. 

ICP: Intracellular polysaccharide 
(water-soluble). 

* CPM added: NaHC140, 576,240 
cpm/100 ml; HC1400H 904,080 cpm/ 
I00 ml; g1uc0se-C~~ 1,044,000 cpm/ 
100 ml. 

* CY@: 6apsular polysaccharide. 

polysaccharide are kinked. The 
major components ar0 glucose and 
fucose as shown by the molar ra.Lio. 

The production of extracellular 
polysaccharide is sharply dependent; 
upon the age and metabolic 
activity of the algal cells. Poly- 
saccharide production by growing 
cells closely parallels the curve 
€or jncrease h cell dry weight 
with wo exceptions: (1) a four 
day longer lag phase (4-8 days 
incubation) is evident with poly- 
sacchsride libemtion and (2) the 
liberation of the polysaccharide 
continues slightly a€tm the cells 
reach the stationary phase of the 

Palmella mucosa Kiitz. can grow 
at the expense of a variety of 
organic carbon sources. Glucose 
serves as a better carbon source 
for both cell and holysaccharide 
production than CO,. The other 
carbon sources tested (acetate, 
lactate, pyruvate, glycerol-phos- 
phate and formate) did not 
efficiently substitute f ~ r  COz. As 
noted from Table 2, the oxidation 

growth cycle. 

of the organic acids (sodium salts) to provid0 energy and carbon for 
growth resulted in subst<antial increases in the pH of the medium. This 
trcnd towards increased alkalinity seems to  be a limiting factor in cell 
growth by Palmella mucosa Kiitz. However, the incaease in plEx w a ~  also 
ovidqpt with glucose as the carbon source but growth is not limited. 
Detrimental effect8 were observed with glucose a8 the sole carbon 
source. If tbs oultwe was mccessively c!g.~ied in glucose solutions or 
in mineral f3a.h agar containing ghcose, almost slt cells wodd be in- 
active on either CO, or glucose after about h e  tmnsfws. 
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On emminatio*i of the constituents of $he extracellular p d p  
sacchariden f ~ ~ m  cells groimi in?, media yjth CEitlFerent carbon sowces, it 
was f o n d  hitially and confirmed oa re.-examiaatiola t;ha%. variation in 
detectable monosaccbtwides exists with different carbon. sowma. TVith 
glucose as the solo carbon source, three additional spots a were present 
of which two corresponded to Rf values for xylose and 2.deoxyribose 
v&,le one Rf value could not be attributed to any of the cmnmon sugars 
or sugar derivatives. The 2 - d ~ q ~ i b o s e  spot was again detected with 
lactate as the carbon source. The uronic acid moiety could not be 
demonstrated when acetate, pyruvate and glycerol-phosphate were sub- 
stituted for CG, as the sole carbon source. The explanation for this 
variation cannot be given at this time. 

\ 

Unler tho conditions used, calcium nitrate serves as the best so‘urce 
for cell and polysaccharide syntheses. Potassium nitrate produces EZ 

response slightly lower than with calcium nitrate. The increase ~f 
alkalinity of the medium with H G J Q ,  and Ca(XO,), was approximately 
the same. Sodium nitrate was not utilized as efficiently as the above 
nitrate salts. md a slight decrease in pH towards acidity was recorded. 
Ammonium nitrate is undesirable as a nitrogen source because cell and 
polysaccharide production is barely above the response for the cont.sol. 
A drastic pH change towards acidity was recorded indicating the medium 
used could not counteract the excess hydrogen ions produced by the 
assimilation of ammonium nitrate. This phenomenon has been shown by 
other workers (PRATT and FONG 1940) using ammonium nitraze as the 
nitrogen source in media with low ibd€ering capacities. 

Bicarbonate-Cl4 is nub incorporated mto extracellular polysaccharide 
except after prolonged exposwe. Later results showed thitt fhe intira- 
cellular polysaccharide is labeled fist, suggesting that it is subsequently 
transferred to capsular polysaccharide and eventually sloughed off into 
the medium as extracellular polysaccharide. The 12 and 24 hour labding 
patterns of the three fractions showed the stepwise transfer with *he 
NaHCW, and no initial build-up of CY4 was e d e n t  in the intrscell-f- r 
polysaccharide. 

When growing cells are exposed to MaELC14Q8, most of the labe& &3 

found in the non-polysaccharide fraction. HQi&tx, when g1uc0se-C~~ isi+’ 
supplied to growing cells, a large amount of Cl4 is still found in the non- 
pol,vf;acchas.ide fraction but the polyaacchaxide is also significaatly 
labeled. 

The exposure of Palmella mucosa Kiitz. to NaHC1400,, J3CWO.H QP 

glucoae-Ca* during prolonged incubation rosdts in it laqp upt;ske of 
Cla into the oxtrracelluletr uiid ir~t;rwcellular polymcolrasicjlos. 
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An extmcollnlnr polyenc c~liwide coraposcd of glucoso, ~IICOSO, nr;i.. 
binose and glucnroniat acid j n  a molar proportion of sll : 6 : 3 : 1 ie ht 

'mt#x snd-pro~; ,A& of photoayai;hesis by Palmella rr?-ucotc~~, Riitz, 
The liberation of polysa.ccharide is related to  the age of the oultwe. 

Q ~ U C Q E ~  o m  subgtitute efficiently for CO, as the sawbe ef cm%on €or 
pol-j~sacclhmido synthesis. Nitrate-nitrogtm from sodhm, potassium and 
w-'lciw sahs can be used in the mineral salts medium with little differ- 
ences in carbon m e t a b o l h  sf the alga. Ammonium Mitrate produces an 
acidic medium whioh limit& polysaccharide production. 

The incorpomtion of CY4 into the polysaccharide from NaBCWIP, 
&QWS initially a trend tarnard intracellular ajatlaesis. The C14 appears 
in the extracellular polysaccharide after prolonged exposure. Gluoose- 
CY is mtivdy transformed to polysaccharide material which is an indica- 
tion that, glucose may play an important role in the synthesis of poly- 
mcchafide by Palmelh BE'UCOSC~ Kiitz. 
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Pure Culture of Anabaena flos-aquae A-37 
SEI  nit itwtho~ls Iinvo bccn proposed for tho isoltil ion 

of b.lctprin-flc.c ciilturcs of nlgnel-*. 3 ic~I1~t l s  rcyortcd to 
pcovdc\ some I:ICOS~ITO of SUCCC’SR, ming nntibiot ics, 111trn- 
violct l i ~ i i t ,  chlcriw co~npounda, ctc., nro h i r ly  drrist ic 
nnd, in sonip ciwrs, Inlit ngcnic. ‘ 3 c 1  proL1c.m of wjwri i t  in[= 
nlgno [roin bnctcrin 1nny bo rclcitcd to f i  binorninl distrih:- 
tioii function in which the probability of choosinl: ~b 
bacterin-free n l p l  colony in nny trinl vnricls in n n  r:riknou.n 
fashion fronx onp tr inl  to nnotlicr. Succcssful, proct icnl 
use of the proposcd nwtfiod may bo cxprctcd only w1ic.n 
tlic chmce  of choosing n bnctcrin-free nlgnl colmy c~~ccrrls 
nbout. one in twenty. 

4 i n c n  the  skil l  of tlic opcrntor doiibtlcss raritriliiitt*~ 1 0  
E’ICCCSS, t hc mct?iod succceds in proportion to t h o  n i n o r i i i t  

of opcrntor b i n s  cn151oycd in cIiooFing irncontnri\innt ( - t i  
c r ~ l m i r ~ .  Thi.; r iw thod  tins ns its niin tlic svpnrnt8icm of 
nlgnr\ from tlio colif ninirlnting bnctcrin h ~ f  tho siiiiplo 
twhniri11rs of ‘poqit ivo opwntor hinci’ co~rplrti f (  ; I ! I  
n;rnierolis rcplicntion, -‘ 

-\ccorrlrngly, the method consists of ( a )  crrbcrt iiic 111 tilic i , t i  

pi-cdoinin?ricrt of thc choscn nlga by nccurni~lrii ion iili t :  

mcrnpipc t tc ,  ( b )  culture of thc? ncctt~nrilnted oIgt-11 ~ ~ 1 1 s  in 
!iqi:i(l IICZ vwliiim, a t:.i,q-biiffcretI modifimt inn of t i i t r  

: i v d i i : w  r rnployt-cl I)? I I ~ i ~ J i c s .  Gorlinin nnd %ciiri(lc I 
:e! c ~ i l t ~ : r t ?  s n  EiGZ ?gar rlililtion plntcs, ( d )  rcpti t iori  of* 
b t z )  P . R ~  !?) nltmnotcly to obtnin uni-nlgal cuIt~trr~.s r i m 1  t o  
3how nhich is tho highest dilution in which nlgd colonrc~~ 
p w  \vcll scpnrntcd and in smnll numbers, (c) prcpnrrttion 
of 20 replicate plntee of the plate dilution which nfforch 
good colony sepnration, (1) daily microscopic obscrvat ion 
of ptatcs from which approuimntcly 20 sub-ciilturcs nrn 
made into liquid RGZ,  (9) nftm incubntian and growth, 
inoculation of 1 ml. of the ‘WGZ.  liquid ,cultures into 
nutrient broth. Observation n t  48 h indicates tho prcacnctt 
or rrbscnce of bacteria. 

XI1 the algne employed lrnvo becn isolskd from oither 
pond water or sowage, using micropipottcs to collcct 
several iinitns of a apecica for culture. Isoint+~ wcro 
ciiltured niternately in agar dilution plates nnd in liquid 
medium to produce mi-dgal eult~ircs. Cultures W C ~ O  

incubated in t h e  light at 40’ C on KGZ. Sorid diltitionq 
of iwlatcs in RGZ agar woro obeerved at least once cnclx 
24 h. A low-power, wido-ficlc! microscop yr”a employcd, 
rising mngnificcntione of tho o d o r  of B O X .  

Tt was aoon found that sovcral rcplatinga rcduccd tho 
nppnrcnt, niunbcr of typcs of bacterial contaPazinnnts which 
m d d  grow on WGZ medium from a8 many (LH 10 to one 
of two typcs. * Theso p l~ t ing  triula ala6 indicated tho 
1imit.t~ of dilution for any given culture, beyond which 
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XV. Cook, David,W., R.G. Tischer, and L - R ,  Brown. Carbohydrate 
Canadian Journal oE Metabolism in Hydrogenomonas eutropha, 

Microbiology. 11~701-709. 3966. 



Fructose was foitl irl  to he the only carbohydrate of thc 12 tested that can be 
utilized as a carbon and an enerw soiircc t)y Iiydrogeitomoiras eutropha although 
glucose, ribose, xylox, and araknose were isolated frnrn the spent medium on 
which this organism had grown. ‘Ihis organism can adapt to fructose under an 
air ,ttniosphcrc as well as under a11 II42-COs atmosphere. 

Fructose-grown cells of I!. ezrtropha osidizc C--iic:ose almost coinpletely to CO? 
and u’iiiitr whereas autotrophically grown cells exhibit a respiratory quotient of 
about one-half of the theoretical value. 
I€. eirtropha grew on “autozlavcd glucose” medium ai though the cells failed 

to oxidize glucose in resting cell experiments. Apparently, these cclls were growing 
at - the expense of fructose formed from the gi i~ose  during autoclaving. 

. 

. 

Int~QdUCtbn 
.Cook, and ‘l’ischer (I 964) demolistrated the presence of carhohy- 
e r i d  in the spent inorganic medium on which the chemoautotrophic 

microorganism, Hydrogeutomonas ezitropha, had grown. Radioautogram of the 
chrornatographicaHy separated 14C-fabeled carbohydrate material indicated 
that several sugars were present in the spent medium. One of these sugars 
was -identified as ribose. 

The tttilization of carbohydrates by 11. eutropha has not been studied 
‘exte-nsively. .. - - ‘Boveit (19S?? reported that H. eutropha utilized glucose and 
sucmsc‘as both a karbon and an energy source, but that this organism did 
not-fernyeint glucose, Gucrose, iactose, or mannitol to acid and gas. Bovefl 
did not daborate on the procedures used to sterilize the sugars or the medium 
employed. Repatjke and Lizotte (1965) reported the use of cells of H. eutrspFt 
grown orl. 0.1% &cose in an inorganic medium under-an air attnosphere but 
they did not state the inethods used to sterilize the medium, 

The studies reported herein are concerned with the identification of three 
sugars, in addition to ribose, found in the s p m t  medium on which W. e24t~uph.a 
had grown, the inability of thEs wgan:ani ta utilize the sugars tested except 
fructose, and- certain changes 1 hiit c4cc:z; in glucose autoclaved with phos- 
phate buffer. 

c- - 

. . 
I 1 c -  - . -  * .PbfaterirPta a2td B!lethods .. - _  

. &sat med&m.rThe basal inorgdnic salts ixediurn employed 112 these 
ifivestigatianr; was Resp6ske’s (1962), modified by deleting sodium bicm- 
bonatrs and doubling buffer concentration, 

‘‘Autochwd ghcuse” rnedt&w--Ghcose in a G 

1waieriai in &is papcr $?as 
IXI the Facutty of Miwitsippi 
ph.D. degree in Microbidom. 
the Narionai Aeronautics atid Spwe 
to %he wnior authur. 

Vrwrlt address: Gulf- C&st &ti 

C&-ditm Joulplrl of 
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mrtoclaved (121 "C: lor 1s minutcs) in 0.05 A T  ptiosphatc buffer. After th 
incdium w;ts coolcrl, the othcr coiuponents of the h s a l  riiediurn were addet 

U~-O~-Ct12 pis mixtiive.--'l'h.: inistiirc trscrf contained approuiriiatcly 66:. 
h!*drogeii, & -  osj'gen, and 1 l{ji, c d m n  (liosidc. This was c h m w  becaus 
'nyrlrogrnoinonads wcrc rcyortcd to  use t hcsc gases i i i  ;I ratio of 6 :  2 : 1 (1,cchi 
rnw,  k)ldiier, : iml C'aiifiel(1 1964'). 

..lIcn.szmwic.rzt of cdohyc lv t r t c s .   wing s\ig,irs wcrc nic.,iswtd ltv t h 
pt*oct.ciurc of ~ c ~ i m  (1044!, using ;i niotlihcation of Snriiog>~i's arsenonioly~ 
date niethocl, and by the ai:tiiror.e nicthod ( AIorris 1048). Stciiidrwd concer 
tration curves for these procedures wcre prepared using rcngcnt grade a-L 
glucose. 

Chromitogrnphic- procedures.- -Chroma tographic separation of sugars w a  
made on \f;hatmari No. 1 chromatograp! :c paper emplo).ing one-dimension: 
descending paper chroinatogranis. 'The solvent systems used wese phenol 
water-NI T 3  (water-saturated phenol ~ o r i  taiiiing 1 yc arnrnoniuni hytlroxide' 

:.P-bucanoI .- acetic acid - water (60/15,/25, v/v/v), l-bL:tanol-pvriditie-~~atc 
* .  (80/80/4U, 17,/v/'v). The detection reagents were silver nitrate reagent! 

tripheny~tetr,2zolium chloride reagents, and aniline phthalate reagent (I lai 
aiid %lac& 1963). 

Production and preparation of cclE- f ree spent medium-IT. eiitropha wa 
grown in 500 rnl of bqsal medium in 1-liter Erlenmeyer flasks OR a Ne7 
Brunswicl; rotary action shaker (203 r.p.ni.) a t  30 5 2 "C. The  flasks wer 
conrxcted to a gas rcservoii5ontaining the I I~-O~-CO~ mixture and kept a 

.. . a pressure of 0.5-1.0 p.s.i. (Cook 1966). T h e  optical density3 of the cuftur 
'--.was checked periodically and when the rate of growth began to diminish a 

= - the knd of the log phase, growth was terminated. The medium was frzcd c 
cells by cefitrifugatim .with ;t Sharplea super centrifugc and passage throug 
a S&tz filtq. The cell-free spent medium was desalted by passage through 
Dowes 501V-X8 strong cation exchange column and then through a C o w  
3 weak anion exchange resin. The desalted medium was then concentrated o 
a rotary evaporator under vacuum at 60 "C. NormaIIy 6 liters of cell-fre 
spent medium yieldec. 10 ml of desalted concentrated material which c m  
tained the neutral organic compounds (cnrtwhydratesj. 

Manomctric studie.i..-~~ariometric s t  tidies with washed resting cell SUE 

pensions of 11. ciitrophn were carried out at 30 "C by standard Warbix 
'manometric techniques as outlined hy Umhreit et ciE. (I%%). AI! cells wcr 
grown in liquid medinin rind harvested aftw I 2  to 44 burs inwbation. 

Q ?(V 

. 

: * Results and Discussion 
Three sugars in addit-ion'to ribose were found in the cell-free spcnt mediun 

on which 11. eutruphn had grown. From the color reaction with the anitin1 
~ h t h a h t e  reagent, one DE the spots was identified as an aldohexose and twc 
of the spo';~ identified .as aldopentoses, The data in Tzblc f show that th 
sugars found i r r  the spciit medium were glucose, xylose, tibosc, and nr a b' 1nos 

The carbohydrates were then analyzed quantitatively b y  two diffcren 
pi-cccdures, with glucoce as the standard. The procedwe of Nelson (1944) 
in which Somogyi'e rm&nt is used, Zed to an average &mate of 4 nig o 

8Determinel using a Coleman Model 9 ncphocolorirnoter. 



COOK ET AL.: CARBOHYDRATE METRBOEISM PO3 

'rf1nT.E I 
1dentificatic.n of sugars found in cell-free spent medium by paper chromatography 

S?!vent A: 
SJlvcr,t B: Fl!!.snn! -acetic acid - mater 
Solvcnt C: butanol -% pyridinc - wter  

t i id -- wztcr - N!-l40If 

__I_ - _. --- 
Solvent A, Solvent B, Solvent C, 

Sample Xf x 100 &them x 100 Ra X 100 

From spent medium 
Spot 1 
Spot 2 
spot 3 
Spot 4 

37 
52 
45 
63 

55 
65 
74 
84 

lQ2 
123 
14 1 
159 
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Unlike glucose, these stigars i~ould support only sparse growth of H. eu- 
frophu when they were autoclaved in the presence of the buffer after the 
addition of the other components of the basal medium; however, all of these 
sugars exhibited a color change in the medium from coIorless to brownish- 
y e h w  during aut octaving. 

A number of other sugars (rhamnose, fructose, gaiactose, fy-xose, mannose, 
sorbose, sedoheptulose, and sucrose) were sttidied to dcterrnir,e if they could 
be utilized by Ti. ezifroplm. AI1 sugars were filter-stdizcd and added to the 
medium at a concentration of 0.59;. Each sugar was placed in basal iiiedium 
and incubated under air or under the H242--C02 gas mixture. Each sugar was 
aim used to supplement nutrient broth. These media were inoculated and 
incubated for 36 hours. Before and after incubation, the sugar Concentration 
of each sample was determined, by the method of SeIson (1944). Table TIT 
exhibits the inability of H. eutrofihct ta attack any  ot the sugars except fruc- 
tose. it shotCd also be noted that none of the sugars except fructose affected 
the growth at a concentration of 0.5%. 

bjanometric studies were conducted to demonstrate the utilization of 
fmctose. Figure 1 illustrates its use by both autotrophicaliy grown and 
fructose-grown cells of H .  mtropha. As sh~wlt ,  ceils grown on fructose use 
€ructose immediatcfy ; however, autotrophic&. grown cells require an adapca- 
tiun period of about 20 minutes before they show any oxygen consumption. 

Table fV shows the oxygen utilization, carton dioxide production, and 
respiratory quotient for both types of cells that use fructose. The respiratow 
quotic;,Ls of the cells g r o m  under the various conditions \;rere vastly different. 

Oxygen consumption, carbon dioxide production, and respiratory quotients of H *d~rogetiomo?tas 
evirophcr ceIls metabolizing fructose 

Time, 0% consurned,t COP produced,f 
R.Q. ---- Cell type* rriin Pi 

Cells growii 
autotrophically 10 0 0 0 

a0 2 0 0 
30 6 0 - 0  
44 13 0 0 
SO 26 8 0.37 
60 42 t i  0.41 
i o  65 35 O.SQ 

90 89 36 . @ . d o -  . . 

- Cefls growln on fructose 10 29 20 0.69 
20 ss Jf 0.75 

66 -0.78 
94 0.88 

30 85 

- 

- 80 75 34 0.45 * 
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With the fructose-grown cells the respiratory quotient rose steadily m3il it 
approached the theoretical value of one. This indicated that the fructose was 
almost quantitatively oxidize# to COe and water. With the autotrophicafly 
gmwn cells the respiratory quotient: remained at zero untii the ccfIs were 

-.---&apted.to fructose and then quickly ruse to a value of about one-half of 
- theoretical and remained constant- These results indicated either that the 
- autotrophically grown cck were not oxidizing the fructose completely to 
carb& dioxide and water or that the cells were fixing about one-half of the 
carbon diogide which they produced. 

1Yhet-1 cdls grown on the "autoclaved glucose" medium were supphd 
fructose in marionietric experiments, they utilized it without lag, as if the 
cells had heen grown on fructose. 

The "autoclaved glucose" medium was desaitcd and anafyzed on p p e r  
chromatograms. U p m  the development of the chromatograms two spots 
appeared which had Xf values corresponding to those obtained with glucose 

' and kuctose. These results led to the condtrsion that ditring autodavirrg of 
tkc glucose in the buffer some glucose was transformed into fructose, ppob- 

' ably by-a mechanism similar to the h b r y  de Bruyn-Aibeida von Ekenstein 
. 'etam€m=rnatiot. Tkps-it tan be seen how the autoclavirrg u€ carbohydrates . I 

Sm a medium containing a- buffcr can lead to inaccurare conclusions, as in 
this case where the organism was growing on the. fructose rather than-the. 
pglucose. The apparent discrepancy Letveen the work reported herein .afi'id 
that'o€ Repaske and Liaotte (1965) may m'ciarified by -Repaske, for fte-statd 

ff. eutropha was filter-&edizcd, an adaptive perjob 6f.g to 4 weeks~wiis re- 
quired before growth began; additibnqlly, $$e : cd 

. *  

(pe&onal communicatih, 1366) that although the gluc&lie"used €org&iig. . .  

(bright yelltow) and tie &$pea a mata 
I -  
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&utotrophicdly gr6wn c-11s of H.  etttrupka w x c  shown to adapt to and 
utilize fructose undcr a HA)?- CXI, atmosphere as welt as under nn air atmos- 
phere. \i711en aitotropliically grov;n cclls i::ere given fructose undcr the ffp- 
02-C02 atmosphere, the ftuct ase disappeared willitmt affecting the rate of 
gas u t i h t i o n  as compared with c'l controf flask contshihg no fructose. 'I'his 

. may indicate that if- cufroplact m s i  use fttictsse and hydrogen simultaneously. 
.. 
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Addendum 
. -' --- R&&it stttdies have indicated thzt H3~dr0gmmonczs ezitrophu uses the arbo- 
- . hydqate- derivative, giukonic acid. As demonstrated by manometric studies 
.-. wi& .aQtiatrophicajty grown resting cells. this organism requires an adaptive 

p&d bf hbout 20 min before it oxidizes fructose or giuconic acid. When the 
ayt&trophicaIly 'growrt resting cells were adapted to fructose, they utilized 

_ .  bnth fructose Shd gIuconic acid without an additiond Iag period. 'CMien the 
.. Cetb were adapted to gluconic acid, they coutd not utilize fructose without an 
* 'additional tag period. 

Snce the phosphate ester of gluconic aci4 is a major intermediate in the 
Eatqer-Doudoroff pathway, enzyme studies were performed Po determine 
.hiether the &zynies as5miated with this pathway were present in the organ- 

~ -4ssgi Sttidies were conducted on ceU extracts from sonically ruptured mils 
* - -  which htig--ijeen grumi.in the basal meditsm containiry fructose. After the-efls 

I --- +ere rupture3, the cell extract was centrif t?& to remove whole c e b  an& cell 
fragments. Enzym assap.>vere pedormed as described by Gottschak, Eber- 

. -+-* 
. -  

.* .. . --i : . 

.- . 

were much Icm tha 
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(Reprinted from Nature, Vol. 212, No. 5059, p p .  302-303, 
October 15, 1966) 

Photochemical Reduction of Elemental 
Nitrogen by Anabaena floa-aquae A 4 7  

Anabaena oylindrh hw been shown to  reduce elemental 
nikrogen photooheinically1*2. Anabaefina o@$ndrioa is 
readily cultivated at room temperature, and it was of 
interest to determine if a-blue-greon alga with an optimum 
temperature of 8 9 O  C possessed this ability, 

Anabaenaflos-aquae A-37 was isolated from an o 
pond and oboained in unialgal bacteria free cultu 

was identified by Dr. C. W. J o b t o n ,  Dapa~%manti 
otmy, Mississippi State University. 

equationl : 

ferric citrate (0430 gjl.) for ferric chloride. The traoe 
elements used were a modification of -those recommended 
by Gafford7. The modifications consisted of sxibstituting 
other salts of the desired element for lhose h i e h  con- 
tained nitrogen and raising the molybdenum content from 
0.9 pip.m. to  l O * O  p.p.m. The mixture was aerated with 
5 per oant caztbon dioxide at 40 & 2' C for 5 days. The 
cells were collected by centrifugation and were washed 
twice in sterile besd medium under aseptic condi6ions 
and, in most cases, were depleted of nikrogen by aerating 
for 12 h with a 5 per cent carbon 
argon mixture. The cells were .b 
blender and4 then c 
suspended in 9 ml. o 
light transmit%a;nce was 
white light, The percenta 
related with ,stm&wd c 

rn dry weight and 
that value, 
e cells were ni 

nitrogen upbake. 



Time Nitrogen Oxygen Argon aontrol 
(inin) Axed* prodwed* Os/Na ohange in gas volimae 

(PlJ (M.) (PlJ 
10 8 4 1.34 0 
25 5 7 1.40 3 
40 10 14 1.40 3 
55 11 15 1.37 8 
70 12 18 P+50 8 
85 9 15 1.07 2 
I00 24 20 1.48 8 
116 12 18 1-60 4 
130 15 23 1.53 3 

' Q$ (N) = 104; Q$ = 7.6;-Q$ (N) 

I__ s 1946 
156; Q$ 11.3. 

* These are oumulative totals, 

assimilated and stored as a oarbohydrate reserve 
owed for substantial nitrogen tipbake when the 

The Warburg flasks used had double side ams wi$h 
The main 

of the flask conhined 2.3 ml. of the basal 
and 015; ml, of cells. The flasks were flushed for 

10 min with either nitrogen or argon and 0.4 ml. of 
ohromous ohloride was then a 

ciells were exposed to  free nitrogen, 

one side arm c ected $0 the centre wall. 

parsd.and handled as desoribed in a communication wihh 
Dr. R, M. Brown as a modification of the teohnique 
developed by M. Cramer as reported by Myerss) was used 
as the oxygen absorbent. 

Th0 data, obtained from the manometric studies axe 
expressed as follows, (The superscript refers to th0 
atmosphere and the subsoript to  the gas being measured.) 

Oe/Ne; ratjio of $. oxygen produced to pl. nitrogen 

QN3 (N) ; pl. nitrogen Axed in an atmosphere of riitrogen 

, 

Axed. 

per mg of cellular nitrogen per hour. 

\ 

'' 

2 
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Fig. 1. Photoohemioal reduotion of elemental nitrogen by normal cells 
of A d m m  jEOs-aquae 8-87. h, Argon control; El, nitrogen uptake; 

0, oxygen produced. 

The results obtained. from the manometric studies with 
Admm$os-agw.  A-37 indicate that this alga is capable 
of' reducing elemental nitrogen with ooncomittmt oxygen 
production. 

T.tliole 1 contains the results found when normal oells 
not deplebd of nitrogen were used as the inoculum. The 
ratio of oxggeu produced to the nitrogen fixed rmgw 
from 1.34 to 1.67 with a mean value of 1-46, This is very 
dose to the theoretical value o€ 160 (ref. 1). Pig. I con- 
taim these data plotted in relation to time. 

The resill'ss in Table 2 were obtained when nitroger: 
depleted cells were used asathe inooulum. Here the ratio 
of oxygen fixed ranges from 1-46; to 
1.72 with a me . The response from the 
nitrogen deplet as much greater than that of the 
normal cells, which is to be expected as the nitrogen 

contains the data plottqd in relaticxi to time. 
The Indication $hat Ambaemflos-aquue R -37 is capable 

of rfducing elementaqy nitrogen photochemically would 
have great valuein a system which required mor0 oxygen 
than could be derived from photosynthesis done. 

I 

Table 2, P E O ~ ~ O A I I  RBDWUPIOX BP B~~BNEINTAE mTROGBN BY 
NPEROUXIN DBPfiNTBD CN&LS OB AM~UWU &S-wtW * A47 

Time pl. nitrogen fixed pll, oxygen$roduwd 
$6 6 14 
60 29 4% 
66 82. 48 
80 86 54: 
96 36 67 

110 36 89 
126 86 62 
140 37. 60 - 

8 X.68 
g$(N) = 188; Q$ = 12*1; Q (N) = 283; 82 18.1, Ns 

s 
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Fig, 2. Photoohernha1 reduotion of elemental nitrogen by nitrrogen 
depleted cells of Anabaena j t o s q t w  8.37. El, Nitrogen uptake; 

'so make use of basic equations to i 
1 0, oxygen produced. 

let ug assume that the following reactions occur: 
trab this fact, 

0 0 0 ,  + 6HaO- C,K,O, + f) 0 2  
1 3 H,O 4- N, 2NH3 + 1.5 O2 

6 COS + 9 H,O +'N2 - CSH,,OB + 2 NHg + 7.5 0, 
A 25 per bent increase in oxygen production could be 

ne in codoperations 
Aeronautics and Space Adminietzation, 

an alga wi6h $his ability. 
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A H Igh-temperature, Hydrogen-okidizing 
B9~eritum-Wydrogenomontls thermophilus, nap, 
WE have succeeded in isolating in pura culture from 
petroliferoue soil a f;hermophilic bsoteriurn whioh utilizes 
hydrogen. The isolation was aocomptished by streaking 
material from a soil enrichmen6 cultiure on to Repaske's 
mineral salts medium prepared by mixitig equal volumes 
of a sterile 4 per cent agar solution in Water and a sterile, 
double-strength solution of mineral salts containing 

' ohloride, MgS04-7N20, CsG124H20, potassium 
phosphate, sodium mmohydrogen phosphake, 

and sevefal trace elements. On cooling to  abouti 50" C, 
1 ml. of a solution of ferrous ammonium sulphate was 
added, the plates poured, allowed $0 solidify and irnmed- 
iately streaked, The plates were incubated in Itn atmo- 
sphere containing 70 per cent hydrogen, 20 per cent 
oxygen, and 10 per oent oarbon dioxide at 50°C. By 
picking the minute, flat, smooth, translucent colonies into 
liquid mineral salts medium and inoubating in the 

to obtain colonies of this 
beoause of the method 

es. This organism 
medium when all 

a Gram-negative rod about 1 . 3 ~  by 0*Bp, which occurs in 
pAirs, os ocoasionally singly, or in short chains. It does 
not form spores, does not possess a cap nor is it 
actid-fast. It propels itself by means of gle polar 

'sm pr.oduces an alkaline reaction when it is 
or sucrose broths with peptoqe 
rowth was observed on geltitine 

flageuum. 
The 

as z nitrogen soure 



Table 1. QFFMOT OF Tl9NPDRATVBI3 ON GAS CIONSUMPTION BY A #XGIH.TEhI- 
PMRATURD HY DROQD@-UTl&IZINQ BAWBRIUM (STATIO aONlNTIONS) ' 

Inouba tion Paroenta e of gas in Sohngen unit consumad at 
time 2O0C S0.C 40' C 60" c 60" C 

loo 0 - 0 
0 

3, days 0 Truoe a3 
( days 0 60 

14 a a p  0 76 - 180 - 

the pew isolate appears to  be sensitive t o  oxygen. Under 
stationary conditions of incubation, the organism will 
grow in an atmosphere containing 10,20,30 or 40 per cent 
oxygen, When the medium is inoubated with constant 
shaking, no growth occurs at either 30 or 40 per oent 
oxygen, but good growth i s  obtained at 10 per oent oxygen. 
The results obtained at 20 per cent oxygen are question- 
able, and more definitive investiga%iom in this region are 
being aarried out a6 present, 

The organism. described here has been tentatively alas- 
sified as a speoies of Hyd~*oge~omonas. It does not ilt any 
of the descriptions for species listed in Bergey's Blanwl 
nor does it agree with all the characterisfiicts of H. ezct:.opha, 
At the present time, we regard it as a new species of 
Hgdrogenornortas, and suggest the na,me Hydrogenomonas 
thermophilw msp. 

monad, besides being 

from anaerobes, which by currerh theory are placed as 
It is thought that 
evidenoe  hat t%e 

g atmosphere than the oxidizing 
atmosphere whiah we know today. Acoording t o  Oparin4, 

gzkisms on 
first because t 
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klI E TH OD S 

The basal medium arid growth conditions employed were as described by 
Dayis, Tiscl-rer, and Brot~n (r966). The  PI-1 \ ~ 3 s  adjusted to 7-5 -8*j with 
IiOti before autbr!a\-ing. ?'he v3rieus nitrogen sources, prepxed 2s stede 
stock dritions, were added in the cuncentration neccssarv to pro\-ide the 
same amount of nitrogen as in KNO, (1 g/ 1) which ITAS selected zs the 
standard. The inwxlurn x-as prepared as described by Davis et ai. (1gO5) and. 
size was expressed in rnijroo ml. The purity of t-he culture was determined 
as described Ep Tischer (1965) and by microscopic cxaminztion. The ctlftures 
were aerated with an air-j per cwi  CO, mixture, escept where free 
nitrogen m s  omitted in which case these cultures were aerated with an 
argon-5 per cent GC, mixture. 

Heterocvst frequency was determined either by Fogg's method (I  9 ~ )  
which coixisted of examining sufficient filaments, regardless cf fields, to 
obtain about 400 ceils and c ~ ~ q t h g  the E_etcrocYsts OR those fiiaments or by 
using 3 ZIoward mould (counting) chamber and counting 3 su%titnt numfier 
of fields to provide a representative estimate of cdfs and heterocysts. Only 
heterocysts attached to filaments were counted and the number was expressed 
as per cent to obt4n the frequency of occurrence. CAs,iml and hetero- 
cystdm1 werc obtained by rn:iltipi)-ing the average number per field by a 
microscope factor c;.iiwlated for 4 jo x mxpificztion. Nitrogen and dr)--v;cigftt 
determinations were prfmtncd as described by Dayis et al. (1966). 

- .  .- . 
. -b . .  He!eraw.~t . .  fomtntiim is reliliim to t h ~  nbtmpa scr~tpce 

I . .  

. .  A.  p?~-npr ts  A- 37 . . .  { r per cent !,y wiurne) tvm gram iri botttes .i.;F,icft E&- 
tzk.,cd x03 ml cc the b a d  mettiurn cacti with a diEcrcnt n i e r q p  SOU~CC, 

' 3  i>?'thd (IQ~++) V;~S C T D V ~ ~ K I  1 .  for O ~ Z C  experiment and the Haward 
?! counting ctiarnber for oia1crs. - .  
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Some Observations or the Sodium and Potassium Inter- 
actions in the Blue-green Alga Anabaena flosqzuae A-37 

BY 
C. D. BOSTWICK, L. R. BROWN, and R. G. TISCHER 

Department of Microbiology 
Mississippi State University, State College, Mississippi 

(Received June 27, 1967) 

Absfract 

The grnwth of Snabuena flos-aquae A-37 has heen shown to be severely lim tec I 
by the absence of either sodium or potassium from the culture medium. Neither 
element is capable of replacing +he other. The addition of sodium to sodium-starved 
cehs restores growth while p~ I... .,;urn-starved ceIIs are not affected by the addition 
of potassium. 

htduction 

It bas been indicated by a number of workers (1,2,5j that the Cyanophyfa, 
or blue-green algae, are unique in that sodium is required for normal growth. 
From reports in the literature it also appears that just as certain species of 
blue-green algae are unable to grow in the absence of sodium and the pres- 
ence of adequate potassium, growth is also repressed by the zbsence of 2otas- 
sium from a medium rich in sodium. The studies described in this paper 
were initiated in order to demonstrate similar effects of sodium and potas- 
sium deficiences in Anaboena flos-aquae A-37. 

Methods and Materids 

Anabaena flos-aquae A-37 was isolated in unialgal, bacteria-free culture by Tischer 
(7). This alga has been shown to fix atmospheric nitrogen (3) and to produce abun- 
dant quantities of an extracellular polysaccharide (6). 

The culture medium employed was similar to that described by Hughes, Gorham, 
and Zehnder (4). The modifications of the medium were as follows: Sodium-deficient 
Phgsiol. Plant., 21,1968 
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SODIUM AND POTASSIUM INTERACTIONS IN ANABAENA 467 

medium was prepared by replacing all sodium salts with the corresponding potas- 
sium salts on an equimolar basis. Potassium-deficient medium was prepared by sim- 
ilarly replacing all potassium salts with the corresponding sodium salts. The sodium 
and potassium content of the control medium was 40.5 mg/l and 188 mg/l, respec- 
tively. Extreme care was taken to avoid contaniinaticn of all glassware, culture ves- 
sels, etc., with the cation in which the medium was deficient. All chemicals were of 
reagent grade and the water used for preparing culture medium and rinsing was 
of the highest purity (ca. 50 ppb as NaC1) produced from Consolidated Model 
EX2-V2 still. Cultures were incubated for seven days under constant illumination 
provided by four forty-watt daylight fluorescent bulbs (13,455 lux) at 40 k 2OC. 
The culture vessels consisted of six-ounce prescription bottles, each containing 100 ml 
of medium. Cellular dry weights were obtained by collecting cells onto tared Milli- 
pore filters and drying overnight at 1 10°C before weighing to constant weight. 

The original inocula of one ml each for each transfer in these experiments were 
taken from a homogeneous cell suspension containing less than 0.5 mg dry weight 
of cells per milliliter in order that the initial cell concentration for each transfer 
would be the same. Prior to these experiments the algal culture had been carried in 
a normal mineral salts medium which contained a full complement of Na and K. 
Subsequent one ml inocula were prepared after pooling 5 mi from each sodium- 
deficient culture. The cells contained in the pooled 15 ml sample were washed, re- 
suspended and employed as the inoculum in the subsequent trials using one third 
of the inoculum for each flask. 

The rates of inoculation were 0.5 mg to Transfer I; 3.0 mg to Transfer 11, and 
1.0 mg to Transfer 111, which represents 6 O/o of the cells grown in each previous 
culture. 

Results mil Discussion 

The effect of the absence of sodium on the growth of A. flos-aquae .4-37 
is shown in Table 1. From these data it may be observed that when the alga 

TabIe 1. The effect of sodium-deficient medium on the growth of Anabaena floo-aquae -1-57 
(dry weight mgi100 ml). 

Medium 
~ 1 Reps 1 Transfer I 1 Transfer I1 /Transfer I11 

Sodium-deficient ..................... 1 
2 
3 
E 
1 
2 
3 
2 

Conirol ............................. 1 
2 
3 
x 

- 

Sodium-deficient after NaCl addition ... 

- 

-_ 

56.5 
72.0 
66.0 
61.8 

90.0 
110.0 
92.0 

- 

97.3 

92.5 
98.5 

103.0 
98.0 
- 

18.0 12.5 
21.5 8.0 
19.0 7.5 
19.5 9.3 

112.5 100.5 
97.5 89.0 

105.0 93.5 
105.0 91.3 

95.0 82.5 
89.5 105.0 
91.0 97.0 
91.8 94.8 

__ __ 

- _I 

_._ 

Physiol. Plant., 21, 1M8 



468 C. D. BOSTWICK ET AL. 

'rable 2. l'he efiecf o/ potcrssiuni-deficient aiediuni 0x1 the yroivth of Anubcicna fios-riquae 
-4-37 (dry weight mgiIO0 ml). 

! 1 
Reps Transfer I 1 Transfer TI 1 I I Jlediuni 

Potassium-deficient ................ 

Potassium-deficient after added XC1. . 

Control ........................... 

1 
2 
3 
E 
l 
2 
3 
x 
1 
2 
3 
5i 

-. 

- 

34.0 
36.5 
43.0 
37.8 
82.5 
80.0 
89.0 

- 

18.0 
21.5 
27.5 
22.3 
21.5 
30.0 
30.5 

___ 

83.8 
90.0 

110.0 
92.0 
97.3 

-_ 

27.3 
81.5 
90.5 
88.5 
86.8 
I_ 

was carried for three consecutive transfers in sodium-deficient medium, 
growth for Transfers I, I1 and 111 was 66.6, 18.6, and 9.3 per cent respectively, 
of that supported by the control medium. The decrease in growth with each 
transfer may be explained by the fact that the sodium originally contained 
within the cells is depleted by utilization as the cells are grown in the medium 
deficient in sodium. The growth which did occur on the third transfer is 
attributed to sodium contamination from the chemicals, glassware, efc. From 
Table 1 it is also evident that the addition of sodium (5 mgh) to the cells 
which had been sodium-starved for 7 days restored growth to the cultures 
equal to that of the controls following four days further incubation. 

Statistical analysis reveals that the differences in growth among the 
sodium-deficient cultures previous to the addition of sodium, and the con- 
trols were significant at the 95 O/o level. After the addition of sodium to the 
medium statistical analysis failed to show a significant difference among the 
sodium-deficient cultures and the controls. 

From Table 2 it may be observed that when the alga was cultured in 
potassium-deficient medium normal growth, as compared to controls, failed 
to occur. Jt should be noted here that in the case of potassium-deficient 
medium, it was not possible to restore growth to the cells by addition of 
potassium to the medium following seven days potassium starvation. From 
these data it is opined that potassium is required for normal growth of the 
alga and the absence of potassium from the medium irreversibly affects 
some necessary riietabolic growth process. 

Conclusions 

From these data it is suggested that both sodium and potassium are re- 
quired for the growth of Anabaena fios-aquae A-37 and that neither cation 
is Pble to replace the other. Moreover, further evidence is given in support 
Physlot. Plant., 21,1968 
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of ‘!le hypothesis that a sodium requirement i p  a characteristic of the blue- 
green algae. 
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THE ELECTRODIALYSIS OF -4 NABAEPJA FLOS-AQUAE A - 3 7  

R. G. TTSCHER. C .  D. BOSTWICK, J. C. MICKELSON AND L. R. BROWN 
Deparhnent of Microbiology, Mississippi State University, State College, Miss. ( U.S.A .) 
(Received October 13th, 1967) 

SUMMARY 

A method for the electrolytic depletion of i. 3 from Anabaena fEos-aquae A-37 
was described. The electrolytic depletion of Na+, iL+, Ca2+, and Mg2+ was determint4 
to be 96.4 %, 64.,;%, 50.0%, and 5.4%, respectively. The alga survived the electro- 
lytic treatment to the extent of from 40 to 50 "/b. 

From these data it was suggested that the electrodialysis method described is a 
workable research tool for the removal of ions from the organism. 

INTRODUCTION 

The concept of removing charged particles from plant tissues with the aid of an 
electrical current has been inGestigated by a number of workers. NEiLY' makes 
reference to the work of LISBONNE AND VULQUIN~ in 1912 as being among the first to 
successfully employ an electric current for the depletion of substances from p h t  
cells. MAKSIMOW~ later employed electrolytic techniques to determine the effectiveness 
of electrodialysis for cation depletion of tobacco leaves, grain, straw, and various seed 
types. COLLINS AND GRIMMETT' have reported on the electrolytic removal of salts 
from the concentrated extracts of a variety of plant tissues. MULL IS ON^ and NELLY' 
have described procedures for electrolytically desalting pea seeds. 

The studies described in this paper were initiated in order t o  demonstrate a 
useable method for the electrolytic demineralization of the blue-green alga Anabaena 
flos-aqwe A-37 and to study some of the effects of the electrodialysis treatment on the 
alga- 

MATERIALS ANU METHODS 

The organism used €or these studies was isolated in unialgal, bacteria-free 
culture by TISCHER~. This organism has been shown to fix actively, atmospheric nitro- 
gen' and to produce abundant quantities of an extracellular heterop~Iysaccharide*. 
Optimum growth occurs at 40" and under constant illumination of appTox. 13 455 lux. 

The culture medium employed was a mineral salts medium sivilar to that 
described by HUGHES, GORHAM AND ZEHNDER~. Nitrates served as the source of 
nitrogen . 

The electrodialysis apparatus consisted of a clear plexiglass cell containing six 
compartments separated by Permaplex ion-exchange membranes as shown in Fig. I. 
The electrodes were of high purity platinum with platinum wire connections. Current 

Biochim. Biophys. Acta, 156 (1968) 403-406 
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was supplied by a well-filtered d.c. power supply capable of producing from o to 

Prior to the electrolytic treatment, the cells were harvested and washed by 
centrifugation with deionized-distilled water. The water was produced from a Con- 
solidated Model EX 2V-2 still, the distillate having an elcctrical resistance in the 
range of 12 to 15 MQ. 

7500 v. 

A C A B -  

Fig. I .  Diagram of plexiglass cell used for electrolysis treatments.. A, anion-exchange membranes ; 
B, non-ionic semipermeable membrane ; C ,  cation-exchange membranes, I, anode compartment ; 
2 ,  water compartment ; 3, sample compartment; 4, sample cornpartmerit; 5,  water compartment; 
6, cathode compartment. 

Electrodialysis was carried out by placing 5.0 ml of a dense cell suspension into 
10.0 ml of water contained in the sample compartment of the apparatus. Voltage was 
applied in 50-V step-up intervals and current conducted through the apparatus was 
measured at I-min intervals. I t  was found that this gradual increase in voltage pre- 
vented the large temperature rises associated with large initial voltage increases. 
Fcllowing each 50-V increase during the treatment the sodium, potassium, calcium, 
and magnesium content of the cells was measured. Measurement of cations was 
carried out by rupturing the cells in a Rzythepn sonic oscillator for 45 min at 10000 
Hertz. The cell-free extract thus obtained was then analyzed for cation content with a 
Reckman Model DU-2 flame spectrophotometer. 

RESULTS AND DISCUSSION 

The current conducted through the apparatus containing 1.o5*1og cells per rnl 
is shown in Fig. 2.  From this figure it may be noted that the two initial 50-V increases 
were responsible for the highest peaks in current. I t  wa then postulated that a 
majority of the ions released from the cells were released during the first IOO V of the 
treatment. Individual cation analyses, shown in Figs. 3-6, support this assumption. 
From Fig. 3 it may be noted that during the first 100 V of the treatmsnt, 94.1 % of the 
cells’ Na+ was released. Further voltage increqses failed to remove additional 
substantial amounts of Na+ from the cells. The K+ content of the cells, shown in 
Fig. 4, was decreased to the extent of 35.6 % during the first IOO V of the treatment, 
with an additional 28.8 % removal of the cation during the five subsequent voltage 
increases. Ca2+ depletion, shown in Fig. 5 ,  was 33.3 % duringthe first IOO V. Further 
voltage increases were responsible for the removal of an additional 16.7 %. The Mg2+ 
content of the cells was hardly affected by the treatment, as may be observed in 
Fig. 6. Removal of Mg2+ was 3.0 yo during the first IOO V and 2.4 % as a result of the 
subsequent increases in voltages. 

Bioclaim. Biophys. Acta, 156 (1968) 403-406 
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0025 

It was observed that during the initial 50 V of the treatment, the cells rapidly 
migrated to the anode side of the sample compartment of the electrolysis apparatus. 
This behavior is attributed to the possibility that cations removed from the cells 

- 

Fig. 3. The effect of electrolysis on the Na+ content of A .  $os-aquae A-37. 
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Fig. 4. The effect cf electrolysis on the K+ content of A .  $os-aquae A-3;. 

Fig. 5. The effect of electrolysis on the Caa+ content of A .  $os-quae A-37. 
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Fig. 6. The effect of dectrolysis on the Mga+ content of A .  flos-aquae A-37. 

Biochim. Biophys. Acta, 156 (1968) 403-406 



406 R.  C. TISCHER et d .  

are pulled away from large, bound organic molecules leaving the cells with a negative 
net charge. 

Survival of the cells during the treatment was determined to be from 40 to 50 yo 
regardless of the amount or duration of the volrage applied. 

From Fig. I it appears that in the absence of cells, the flow of current will 
deplete compartments 3 and 4 of salt by electrodialysis. When cells are present, they 
lose ions to the ion-depleted medium and not as a result of current going through the 
cells. B6th cations and anions are lost and the reason for cell movement to the anode 
is the negative surface charge at the shear plane. 

The values in Fig. z suggest that water is often electrolysed in the medium 
rather than ions removed. 

The question of the origin of the ions removed by electrodialysis, \\Me it is not 
critical to the value of the work presented, is at the very least an intriguing question. 

Since it is the belief of the authors that very special methods would be required 
to differentiate with certainty between adsorbed and absorbed ions and further to 
delineate their source and the actual mechanism of their extraction, research 
endeavouring to prove these points was not undertaken. 
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P c r i f i c a t i o n  of Elec tonma boryanun;, hos t  Gf the  blue-green a l g a l  v i r u s  

4 U P - I ,  has  been accoTplished by i r r a d i a t i o n  techniques. Wu, Lewin, and Werbin 

and Shugaman- ern2loyed u l t r a  v i o l e t  i r r ad ia t ion .  ? Kraus‘ used gamma i r r a d i a t l o n .  

Although t3e  oethods mentioned above were successfu l ,  they seem f a i r l y  d r a s t i c .  

An i n p r e  c u l t u r e  of Plectonema boryanum was obtained from t h e  American 

Tygw Culture ‘kollection. This cu l tu re  was pur i f i ed  using t h e  ‘Vibration 

Techniqae’. h sample of t he  pure c u l t u r e  was s e n t  tc t h e  ATCC and was assigned 

ATCC Bo. 18200. 

The equipment used to  produce c i b r a t i o n  and acce le ra t ion  consis ted of a . 
nodel 200 CD wide range o s c i l l a t o r ,  an 3lB Elec t ronics  Yodel 2250 HI3 power 

ampl i f ie r ,  an Elec t ronics  Model EA 1500 e x c i t e r  f i t t e d  wi th  an  Ell3 type 100 

v ib ra t ion  pickup, and an Mi3 Elec t ronics  Model NS v i b r a t i o n  meter. Attached t o  

the v ib ra t ion  pickup w a s  a s p e c i a l  encasement made t o  hold 4 oz presc r ip t ion  

b o t t l e s  i n  which a lgae  were vibra ted .  

The method cons i s t s  of (1) washing a 20 m l  sample of Plectonema boryanum 

d t h  two drops of a sterile 1% sodium l a u r y l  s u l f a t e  so lu t ion ,  (2) washing 

the a l g a l  sample five times wi th . s t c? r i l e  d i s t i l l e d  water, (3) v ib ra t ing  the  

sample a t  700 he r t z ,  10 g r a v i t i e s  (G’s)‘for  30 minutes, (4) washing t h e  sample 

three  times i n  sterile d i s t i l l e d  water, (5) preparing s t r e a k  p l a t e s  on modified 

Chu if10 agar a t  the  alga’s  l imi t ing  d i l u t i o n  less one, (6) picking with sterile 

cot ton  plugged Pasteur  p ipe t t e s ,  f i laments  f a r t h e s t  from contaminating b a c t e r i a  

and o ther  a l g a l  colonies and f i laments  a f t e r  24 hours growth; and (7) inocula t ing  



hours was observed. 

examinacion w a s  employed. 

In some instances, additional study by micrcscopic 

Comparisons were made between control samples (treated in the same manner 
j 

The 'Vibration Technique'$ with she exceptim of step three) and vibrated samples. 

was more than t:hree times as effective as the control technique. I 

Nicroscopic examination of streak plates indlcated less contamination on 

plates prepared from algae vzbrated at 703 hertz, 10 G's for 30 minutes, but 

not on those prepared from algae vibrated at 700 hertz, 30 minutes at 9, 8 ,  or 

7 G's.  

*- 

-- 
To determine whether vibration did reduce the amount of concamination 

and at what point betveen 9 and 18 G's  the efrect was exerted, standard plate 

counts were made of vibrated and control samples. 

algae were vibrated at 700 hertz for 30 minutes at 9.0,  9 .2,  9.4, 9.6,  9.8,  

and 10 GIs. 

to prepare pour plates. 

were analyzed using the t test for paired observations. 

existed between control samples and samples vibrated at 9.6,  9.8,  and 10 G I s .  

Samples of 5 ml of impure 

A 10'' dilution of each vibrated sample and its control were used 

After incubation, bacterial colonies were counted. Data 

Significant differeuces : 
f 
1 
L 

The amount of contamination was significantly reduced in this range. i 
Essentially all of the methods employed to obtain axenic cultures of 

blue-green algae, with the exception of the 'Positive operator bias' technique 

of Tischek3, are based on the destruction or partial destruction of contaminating 

organisms. 

reducing the amount of Contamination, thereby increasing the probability of 

The 'Vibration Technique' renders itself useful by significantly 

obtaining pure cultures. 

This work was done in co-operation with the National Aeronautics and 

Spucr: A ~ l l l l t l l i ~ t  t d t  i I W ,  \Jdtiltltrglu,l, I t .  ( ' r  

Esther L. Wright 
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Wright, E . ,  Brown, L. R., and Tischer, R. G. msf? ' Irv , t t b l  

Th is  study wss designed to determine i f  snacecraft level 
vibra t ions  and G's caused changes i n  t h e  blue-oreen alga 
PlectcnPrna boryanum. The proprosed use of u n i c e l f u h r  alnc?e 3s 
B ? d i n -  q a s  cxchange,f&od a d  miter supply,  e.nd wste dis- 
p x a l  dUi-in5 prolonged space flight prompted this  investigation, 
Zxposure to vibre t fon  ox gravitv (6'1 ranges for 15, 39, and GO 
sinutes fziled to cause 2 changrt ir. ala61 colonic71 morpholoqr. 
2 c r i t i c d  G r e q e  ( 9 * 6  to 1C G ' s )  at cons tcn t  v ib ra t ion  of 700 
5ertz fo: 90 uinutes  caused e signific-nt decrease in the  alnoun-k 
05 csn tmida t ion  i n  iapure  cultures. A l g a e  cells exhibited 
swelling xhen exposed t o  9.6 end 9.8 G's a t  t h e  saue vibrctional 
frequency and time period 8s mentioned above, Pa increese ir. ex- 
tracellular polysaccharide production PES exhibited i n  pure CUI- 
tcres inoculated with c?lgzl  saqplcs vibrehd 5.t  760 hertz, 10 G'3 
f o r  30 minutes. Chrometographic s tud ie s  indicc7itd t h a t  the com- 
oosition of i h e  polysaccharide vas not changed a s  a r e s u l t  of vi- 
b r a t i a n  of the inoculum a t  700 hertz,. 10 G's for 30 minutes. 

IN TI$ C!DUCTION 

Vith the advent of manned space f l i g h t ,  increasing numbers 

of inves t iga t ions  on space  f l i g h t  conditions and t h e i r  effects 

02 t3e zstronauts  have been undertaken. Cnmparctively- l i t t le ,  

hoxever, has been done t o  discover  trhat effects a r e  exerted on 

microorganisms which may accompany man,on space journeys. A few 

publisf;ed.reparts deal with the effect of a l t i t u d e  stress as a 

-- 

4- 

 SPEC^ flight barametc+r capcble  of &using chsncps i n  c7 1Iosf's 

susceptibilitv t o  infec t ion  (2 ,  5, 6, znd 71. 

Russicin scientists have s tudied  the effect of s inu la t ed  
4- 

spaceo"5 f t  conditions as well as a c t u a l  speicc flight conditions 



+id n o t  J ~ U S ~  the cjrehter v irc l  induction. 

ind.clctioi increcsed when -- E. uoli K-12 ( A I  m s  e-osed to vi- 

bretions before but n o t  after irradiation. Ground-bnsc conditions 

t o n s i s t e ~  of vibrat ions  at frequencies of 18, 2 5 ,  75, 100, and 

St cycl-.s per second for 15, 30, and GO minutes .  E- constant  

? c e d e r e t i o n  of 10 G’s was used with all vibretions. Gems ir- 

re2iEt ioTt . IFt  a reLe of 21 roentqens Der Ininute up to c7 dose of 

l~4u xoonrgcns was cophined with other ?xperiinentcI paprmeters (14) 

The c f f e z t ”  of vibrstions on chrmosomes hzs been studied bv 

Ik wcs found t h a t  

* 
1 r n  

Ikeptcn (81 and Antipov -- et. a l .  ( 1  1 .  

Prolonqed space Zliqht prhduces the problems of oxygen 

supgly, carbon dioxide removal; wc?ter and food supply, and waste 

disposal. 

ckwqers in life support systems (4). 

For sone tine alqae have been considered as ?as ex- 

k man hfis been sustained 

for thir-:y days ‘in an enclosed atmosphere with Chlorella ---- vulgaris 

kiithouf: tietrimental effect t o  either orGanism (91, Xt has been 

shown f h e t  Chlorella pyrenoidosa - 71105 vas able to qrow on a 

mediun p:roduced from electrochemically t r ea t ed  humsn feces and 

urine s ( 3 ) .  Anabaena - flos-aquae --.- E037 has been shotm to produce .. 
8n i:bundimt supply of extrecellular polysgccharide (ll.), 

In -riew of the proposed importsnt role of algcis i n  prolonged 

space flight, it is s u r p r i s i n g  t o  find t h a t  no studies  to dete 

have beerl reported concerning poss ib l e  effects e x a t a d  on algae 

by varioi:s space flight conditions. The poss ib i l i tv  t h a t .  stresses 

studies Itere concerned ;dtl$he effect of spacecraft level v i -  
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2 ra',i,-ns end g r a v i t i e s  (G's j :In the c o l o n i a l  irror$ioiot_cy ;.nd cel l  

slzi 04 ihc blue-green nlga 1~~ectonerna borvarrm --.__I-- as weI.1 e s  the 

e-lfec'; on Tine mount  and conposition of ilic e x t r a c e l l u l a r  poly- 

s? ccharictc * In addition, studies were made to determine the 

e f f e c t  of spacecr-ft  cond i t ions  on t h e  contaminant in iapure 

cul ' iu rcs .  
P 

-- - 
zq-::cnz7.?"i ? 

S,\ripneiit lised t o  produse v ib ra t ion  end acceleration was a 

mcdal  200 CD vid..e range osc i l lp tor ,  an J!?B Electronics model 2250 

lE ?ewer ,Ymplifier, sn MB Glectrsnics modal XA 1500 oxcitcx fitted 

w i t h  133 type lG0 v ibra t ion  metes. Attechcd t o  the v i b r a t i o n  

pickup wes a specie1 encasematt ia6d.e to hold 4 oz prescription 

botries in &ich algae were vibri;ted. The ver t i ca l  displacement, 

v e l o c i t y ,  and acceleration twre read from the vibration meter. 

A1 1 vibrctions isere carried out a t  rmm temperature. 

c1.1 I E UT e 
*- 

An i~puue culture of the bluTigreen  e lga .  Plectonemi - boryanum 
vxis obfained from tG?&cricr:n Type Culture Collection, Rockv i l l e ,  

Xaryland. The cu l tu re  vas  pur i f i ed  i n  this labosatorv. Cultures 

%ere checked f o r  contarninat5.cn before iJnd a f t e r  use and c.t t h e  en 

of ezqcrimnts by i n o c u l a t i o n  of 1 ml of t h e  e i g a l  suspens 

nxtxient broth .  

- -  ---+ 

The sbsence o r  presence of q 

e x a i n a t i o n  vss employed. 
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Grokeh Xeciiur~ and Cultural Conditions - 

E:ac!ifind CI-,.ti 410 bas61 mineral scllts i n e d i u m  was cial>loycd f o r  

t h e  cultivation of - Plectonema - boryanm. I.-- 

?xcpzrcd by the edditj.on of 1.5% agar  t o  the liqiiid m e d i ~ m ~ .  

S l a n t s  and plates were! 

Gxmth was ccirried out in three types of apparatus. For the 

x o s t  par t ,  200 m3, prescription bottles fitted with aerators were 

used. 

flasks. For the larger cultures, 1,000 mP capac i ty  bottles f i t t e d  

with aera tdks  f o r  the supply of an air-57!, COz mixture were employed, 

S t a t i c !  cul tures  were gram in 250 ml screw cc? i:,lenmeyer .-. 

Aeretors vere plugged with qlass wool to prevent contaminati-on from 

the cas a ix tu re  o r  from a i r  i n  $he incubator. 

maintained at 30f2"C, 

3-s provided cultures i n  p r e s c r i p t i o n  bottles 

2nd Erlenmeyer fl re c , l t f v a t e c i  for five dzys, while larger 

cultures were a l l  

The tcmpereture was 

Three f o r t y  w a t t  cool-white fliioresccnt 

sheets t o  t h e  w z l l s  of 

t l v  scrap3 e algae from 

tho t d 3 s  with a rubb 

blandor for IS t o  30 se y ie l i ad  a uniform stzspc:nsion of cells, 

Colonisx Morph 

ans Blending i n  a sterile I:raring 

W LO determine if various l eve l s  of v ib ra t ions  and G's c8use.d 

changes i n  t h e  co lonia l  morphology of - Plectonema boxvPnum 5 ml 9 -- -. 

craped and blended cells were si&Jected to a rungs  of 
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( d l  130 her t z ,  G G ' s ;  ( 5 )  700 hertz ,  10 G's; ( 6 )  7Cd Iwrtz, 9 (3''s; 

(7) 7C;j h e ~ t z ,  8 G's; ind (81  700 her tz ,  7 G's. 2, t h o  f i r s t  f i v e  
i 

i CBSBS an attempt wex m a i e  to exert an acceleration of 1.0 G'S i n  

i a l l  v i b r s t i o m l  frequency range;. ~ c c a u s c  of extrema v i b r a t i o n  
i 

of t k e  equipment, t h i s  was not possible. 

G's possible approaching 10 were used. I n  each experiment, three 

t r e a h e n t s  xera used: 

minutes, ( 3 )  exgmurc f o r  30 minutes, and (31  exposure for 60 minM 

utes,  %erd'wc: three replicates per t r ea tmen t .  Samples from 

each replicate were streaked on modified Chu ,#30 c7gCr p l a t e s  and 

studied w i t . h  a low poms,  wide-fdsld microscope. 

Effect c Vibrations end G's on the .Firnolint of Contamination 

In each case t h e  maximum 

(1) exposure to vibrations arid G's for 15 
5- 

I .. 

b 

N-jcroscopic exan ina t ion  of the plates  prepared i n  t h e  a l g a l  

colonial morphology study indicated less c o n t m i n a t i o n  on t h e  

'plates  prepared from algaeavibLsted a t  700 hertz,  10 G's for 30 

minutes, but not on thGse prepared from algae vibrated et 700 
- .  

hertz fo r  30 minutes at 9, 8 ,  OT 7 G's. To determine krhether v i -  

b r a t i o n  did reduce the amount of conhninatian and a t  what point  

betwecn 9 and 10 G's the esfact was exerted, standard p l a t e  counts 

were nede of vibrated and contra1 samples. Samples of 5 ml of im- 
c -.-e , 

ipure algae were-vctbrated a t  9.0, 9,2, 9.4, 9,6, 9.8, and 10 G's.  

-5 - A 3 0 .  ailution of each vibrated sample and i t a  cont ro l  were used 

to prepare three pour plates, After incubat ion ,  bacterial colnnies 

were coitnted e 

/Cell  Size 3-tudy 

I In an a t t snpt  to discov whather vibrotions znd G's offccted 

fiic size of B l g i t l  cells, 5 ml snmplas ,of scraped cnd blandad , 
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Plcctonena boryanum were siibjocrted t o  var ious  v i b r a t i o n  md G 
_y-- -- 

per expexlment and three replicates per treatment were employed. 

Smples iron eiich rep l ica te  were measured. Xn ca subsequent study, 

5 ml algcil qz2ples were vibrated a t  700 her tz ,  9.6 G"s f o r  30 min- 

u t e s  and 700 hertz,  9.8 G's for  30 minutes. 

w i n g  a Spehcer micrometex eye-piece witti a vernier sca le .  

measurements were made using i ha  1 0 0 ~  objective and .the 8x ocular ,  

Cell length a n d  width w w e  inoasqred, 

Polysaccharide Study 

r.-. 

Cells \+ere measured 
I' 

A I 1  

TQ deternine the effects of v i b r a t i o n  and G's on extracellular 

polysaccharide production and polysacchgridc composi-Lion, 20 ml 

smples of scraped and blended a l g a l  cells were exposed t-o vibration 

a t  700 her tz ,  LO Gds. These samples-were used t o  inocu3i:te 800 ml 

of t h e  basal medium. 

vibrated algae, 

Controls were prepared using 20 ml of non- 

V&Fated and control  cultures were incubated fer 

t e n  days diiring which they were aerated w i t h  an air-5% CQ rnixture. 

,@pared of pure as well as impure cul tures.  

The algae werescraped from t h e  walls of t h e  culture vessel,  

* 4 

.- 
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zcntrE*,e were removed and used t o  deterinine the? ,- *!iount of c x t r a c e l l -  

*23ar Fs lysa3xhar idc  by the phenol-sclFuuric acid method of IJont- 

corncry flOl. 

i n  o d e r  eo obtairi glucose e q i i v s l o n t s  T h r  polyssccharidc tras 

prsci?itatcii w i t h  two t fclir volumes of 957, e t h a n o l  f rom the 

concent re ted  spen t  mediuii. The alcohol? c solurion F n d  p r r t c ip i t a t e  

:.;ere ccritrsiful;ed and the polysacchar ide  rernovcc' and dried i n  a 47 C 

The optical. d o n s i t y  Vl i -S  referred t o  c s t a n d a r d  curve 

f- 

0~23-n. 

Ei2SG4 ::Ere L l a c d  i n  a scxew cap tube and boi led  l A ~  a 100°C water 

bet,: for 6 hours. 

conco red endpoint and the SaSOa m s  removed Sy c e n t r i f n T e t i o n .  

TF.e s u p e r n a t a n t  w s  Eiltered and concentrated t o  0.5 7111 i n  a 

S a p l e s  of 50 mg of dr ied poiyszccharide and 4 m l  of 1N - 
111 

Hydrolvsates  were n e u t m l i z d  w i t h  RsM3 t o  the 

vacuun oven a t  67OC. 

The solvent  systems used for t h o  chromatog-anhic separation 

cf suqars vert phenol saturated water (114: 85-V:V) >,,d - n-hu tmol ,  

Fyxidine, end water  (10:3:3-V:V:V~. Vhatrnm No. 7 f i l t e r  paper 

WBS used. Sugars v7ere separated by desconding chrornstoqr6phv a t  

mom temperature. 

cforoxatogram with p-anisidinc-phthali-c acid spray 3 r d  heat ing  t o  

105OC. * I d e n t i f i c a t i o n  trn& made by compari'lson with s t a n d a r d  refer.. . 

ence sugars, 

Sugar spots  were located by spreying the dried 
r-- 

-* 

vibrated a t  the  ranges ,previously indicil.ted were nor+iq 1 wi.t!i one 



I-  ' ;C;SZS -7 ' S  a cm?osite of (ifits obtcined from n i n e  separs te  
?. 

emcrixents Fr, which standGrd plate  counts were pxefonned on vi- 
. .  Srsrec: e x i  cont ro l  e l g e l  samn?es. 

+est fcr paire2 cbserurtions. S i q n i f i c a n t  differences existed 

Data w e r e  ,nalyzed csincr the I t 
t 

-&tvean control samples and s n m d e s  v i b r a t e d  c ? t  ?-6, 13.8, m d  10 G's. 

%'he z x u n t  of contamination W E S  significantly reduced i n  this r snge .  

It -as difficult to k w p  t h e  G Eoxce emc t ly  on the r3,,2 G incr0men-f: 

5ae tc slight fluctuztions of current: to the  machinery. T h i s  

could aceowt for the discrepncies i n  the  results z t  '.6 and 10 G's. 

In SOSt experincnts, the difference in the amount of contaminant 

was significsnt a t  9 - 8  (3's. 

Cell Sirqe Strrciy 

cell wesurment  data from algae vibrated a t  700 he r t z ,  LO G's; 

700 hertz, 9 G's; 700 hertz, 8 G's; and 700 h e r t z 5  7 G u s  were ana- ' *  

Xyzxzd by Dunnett's procedure (12ls Vibration and G's et t he  above 

nnontioned levels did not cause any chmget i n  e l q a l  ce l l  size. Ex- 
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2 a B  G's c3. .. 33 33  32,3 27-7"  
Contrcl c 3  66 53. 60 

3% G's  53 5 2  55 53.3 1.6,O 
Cont ro l  69 98 6 1 63.3 

* 



It is i x l o r t  a n t  t . 3  n o t e  thci t 

?olysaccharids prodcccd by two pure epd two impure cultarcis $re 

fr-x.2 in ?&le 111. In both cas'ks of pure cultures :here is les-7 

~rc:.-t'n c?f vibrated alga.., There is c l t  the  me time a crrenter 

pr:;Ccction of cxtxscelluler polysiccharidc as indicated Sy grlucose 

e q x i ~ z l e n t s .  In the  case of pure a l g d  culture €3, t h e  control is 

:are -khan twice as dense as the vibrated szmple; ye t  t h e r e  was  less 

ex t r ace l l c l a r  i.xiysr=ccharide produced. The impure cultures do not  

exhibit  the sane! relationship, Since t l is  r a t e  of utilization D f  

pulyscceharide by the contaminant is nDk known, t h e  significance 
'4 

& 

of t h i s - d c t a  chnnot be evaluated, 

Phc-no1 s s tu ra t cd  water did not  provt completely effective in 

t h e  separotisn of sugars, Butanol, pyridine and, water t ~ s  quite 

successfulr Components of t h e  polysaccharide samples Gre shorn in 



. .  

:. r . . .  . x . - -  - - I .  . .. . . . . 



Cont ro l  lure  
C u l t \ l r r -  4 

Contrrol. Pure  
C r z l t u r c  B 

Con t ro l  Iqxi r c 
C n l t u r c  A 

b 

3.37 3.365 

1.93 0.n95 

1.27 

1.90 

1.180 



23 . _  

St snd; rd 

. .. 
( I o  

1.. 53 .. 
1.59 
1.76 

! Impure k lp i  
Control 

_ -̂ 
I 
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The a rea  of study surrounding the e f f e c t s  exerted on living 

organisms by space flight conditions is a relatively new branch of 

science. 

Soviet Union or  t h e  United States. 

primarily at Aerospace k d i c a l  Institutes or NASA space centers. 

Most of the work done t o  dpte has been attempted in the 

Americi.n research has been dona 

Only recent-ly have actual space flight Parameters been employed 

i n  experiments. 
* 

ht ~ i s s i s s i p p i  State University a program of 

study on tii'e effects of spscecraft leve l  vibrations and G's on the 

alga - Plectonema boryanum vas  undertaken.' Studies were made using 

a range of fi;arations and G's which occur dur ing  space f l i g h t .  

variation of vibrations and G's did not cause B change in 

ocrloni&l morphology of - Plectonema boryanum. 

indicate thst a critical level exists within the studied range. 

Subsequent experiments 

CSll%ares of pure and impure algae showed significant changes when 

subjected to vibrations a t  a frequency of 700 hertz End G's in the 

range of 9.6 to 10. It was shown that both tho algae and the con- 

tzminant are affected, Whether there is a cause and e f f e c t  rela- 

t ionship  betteen the affected algae ond bacteria is not evident. 

The m o k t  of contamination is significantly reduced a f t e r  t r e a t -  

ntent a t  the conditions noted above. 

&lls of the algae vibrated at 700 hertz, LO G's f o r  60, 30, 

and 15 minutes; 700 herb ,  9 G's for  60, 30, ar.d 15 minutes; 700 

hertz, 8 G's for 60, 30, and 15 minutes; and 700 her tz ,  7 G's for 

60, 30, and 15 minutes did not differ significantly in cell  length . .  , 

kc> non-vibrated ountrols, Cells vi; 
. *  

for  30 m9nutes and 700 hmtz ,  9,8 G's- 



for 30 minutes were -wider than controlsa 

in both cases was significant at the 0 , 0 1  

There PES not a significant difference i n  

The increase i n  width 

level of probability, 

cell length,  

Pure cultures whose inoculum hsd been vibrated e t  700 hertz;  

l0 6‘s f o r  30 minutes shotme2 less growth but grecltor productian 

ex racel lular  polysaccharide as compared with non-vibrnted contx 

It is possible f i a t  xhe swelling effect on a l g a l  ceils increased 

the perrns&ilitg of cell walls which in t u r n  a3lowad greater re; 

Lease of polysaccharide. .. 

I 
I 
I 

..a 

The compositicn 62 extracellular polysaccharide was not  

changed by exposure t o  vibration a t  7QO hertz, 10 G‘s f c x r  30 min- 

Polysaccharide from purd cultures, vibrated and cont ro l ,  ‘ utes. 

was composed of galactose, glucose, mannose, arabinose, xylose, 

and rhmose.  Sugars detected in hydrolysates from impure CUI- 

tuxes g vibrated and control, were glucose and mannose. 

. z -  

- -  
This research’is impcatant in itself as having found a sot 

. &*critical conditfons”&ich exist during space f l igh t ,  Even 

more important are the questions whiph hsve become obvious from 
c t 

this investigation. Yf algas aredzo be used in spacecraft more 

detailed htudics must be undertaken. 
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